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SECTION I 
INTRODUCTION AND SUMMARY , 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a p o t a s s i u m - r e s i s t a n t  b o r e  
-ea1  development  program.  The bo re  seal development program culminated 
i n  t h e  f a b r i c a t i o n  o f  a 4 - inch  ou t s ide  diameter by 4- inch high bore 
seal c a p s u l e .  The ceramic used was l o w - s i l i c a  99 .8  p e r c e n t  b e r y l l i a  
a n d  t h e  m e t a l  e n d  b e l l s  were made from columbium-one percent  z i rconium 
sheet. J o i n i n g  was accompl i shed   w i th   an   ac t ive -me ta l . -b raz ing  
a l l o y  h a v i n g  a c o m p o s i t i o n  i n  w e i g h t  p e r c e n t  of 60Zr-25V-15Cb. 
A f t e r  f a b r i c a t i o n  t h e  c a p s u l e  w a s  loaded  wi th  four  grams of h igh  
p u r i t y   p o t a s s i u m   a n d   s e a l e d  w h i l e  i n  a vacuum  chamber.  The 
b o r e  s e a l  c a p s u l e  w a s  exposed  for  5000 hours  a t  1300O F i n  a n  
ion-pumped the rma l  vacuum chamber w i t h  p r e s s u r e s  i n  t h e  10-9 t o r r  
r ange .   Dur ing   t h i s  t es t  exposure ,  t h e  capsule   remained   po tass ium 
l e a k - t i g h t .  
The  program leading  to  the  deve lopment  of  the  bore  seal c a p s u l e  
i n c l u d e d   t e s t i n g  of a va r i e ty   o f  ma te r i a l s .   Equ ipmen t   and   p rocesses  .- 
w e r e  d e v e l o p e d  f o r  ceramic t o  metal b raz ing ,  b razemen t  t e s t ing ,  and  
f o r  a l k a l i  metal l o a d i n g .  A s t u d y  was conduc ted   on   t he   ou tgass ing  
c h a r a c t e r i s t i c s  of ceramics t h a t  had  been  f ab r i ca t ed  by d i f f e r e n t  
me thods .   H igh   pu r i ty   a lumina   and   be ry l l i a  ceramics ( 9 9 . 8 %  p u r e )  
and a series of b r a z i n g  alloys were used  i n  f a b r i c a t i n g  b r a z e m e n t s .  
Se l ec t ed  b razemen t s  were e v a l u a t e d  f o r  s t r e n g t h ,  l e a k  t i g h t n e s s ,  
a n d  c o m p a t i b i l i t y  w i t h  p o t a s s i u m  o r  l i t h i u m  e x p o s u r e  a t  tempera- 
t u r e s  t h r o u g h  160O0 F. 
1 
S E C T I O N  I I 
BORE SEAL DEVELOPMENT 
A .  INTRODUCTION 
Th i s  bo re  sea l  development  program cont inued the work i n i t i a t e d  and 
r epor t ed   unde r  NAS3-4162 (Ref.  11-1) '. Ceramic-to-metal seal  sys-  
tems t h a t  were p r e v i o u s l y  f o u n d  p r o m i s i n g  a f t e r  e x p o s u r e  t o  po ta s -  
sium o r  l i t h i u m  were s u b j e c t e d  t o  l o n g e r  d u r a t i o n  tests. A l k a l i  
metals were loaded  in to  spec imen  test  c a p s u l e s  i n  a vacuum env i ron -  
m e n t  on th i s  program,  where  as p r e v i o u s l y ,  t h e y  were loaded  under  
a h igh -pur i ty   a rgon   cove r   gas .   Ac t ive   me ta l   b raz ing  of ceranics 
t o  columbium-1%  zirconium  (Cb-1Zr) was i n v e s t i g a t e d .  The r e s u l t -  
i n g  h r a z e m e n t s  h a d  l e s s - b r i t t l e  m e t a l l i l r g i c a l  s t r u c t u r e s  t h a n  
p r e v i s u s l y  u s e d  b r a z e s  t h a t  h a d  r e f r a c t o r y - m e t a l  m e t a l l i z i n g  con-  
t a i n i n g  a the rmodynamica l ly   s t ab le   s econd   phase   ( r e f .  11-1). More 
d u c t i l e  c e r a m i c - t o - m e t a l  j o i n t s  a r e  n e c e s s a r y  t o  accomodate  in- 
c r e a s e d  stresses and  thermal  mismatch t o  b e  e n c o u n t e r e d  i n  i a r g e r  
s i z e  b o r e  s e a l s  f o r  f u t u r e  r e q u i r e m e n t s (  4- t o  28- inch   d iameter ) .  
An e v a l u a t i o n  of t h e  m e t a l l u r g i c a l .  s t r u c t u r e  of s e v e r a l  b r a z e d  se;:l 
s y s t e m s  was  made.  The b e s t   a c t i v e - m e t a l   b r a z e   a l l o y s   f o u n d  o n  t h e  
previous program and new a c t i v e - m e t a l  b r a z e  a l l o y s  were e v a l u a t e d  
usicg  modulus-of-rupture   specimens f o r  f l e x u r a l  s t r e n g t h  d e t e r m i n a -  
t i o n  o n  t h i s  program.  Tab  peel s p c i m e n s  w e r e  e v a l u a t e d   f o r  
b r i t t l e n e s s   a n d   n o t c h   s e n s i t i v i t y .   O n e - h a l f - i n c h   d i a m e t e r  ceramic 
t u b e s  were j o i n e d  t o  a Cb-1Zr metal member t o  de termine  vacuum 
l e a k - t i g h t n e s s .  Tests and   eva l ;~ .a t lons  r j f  t h e s e   c o n f i g u r a t i o n s  were 
made be fo re  and  a f t e r  exposEre  to  alkali-inetal v a p o r  a n d  l i q u i d  a t  
1 6 0 0 "  0 f o r  t i m e  p e r i o d s  t o  20OC ! ? ~ ~ . : : c s e  The ceramic bod ies   unde r  
i n v e s t i g a t i o n  i n c l u d e d  t h o s e  w h i c h  ~ j - C ' V l O U S l y  survived  500-hour 
exposure  t o  a l k a l i .  metals a t  1 6 0 0 "  F slid s e v e r a l  new candidat .e  C ~ T -  
p o s i t i o n s  c o n t a i n i n g  b e r y l l i a  o r  ITttria. An o u t g a s s i n g   s t u d y  was 
conducted  on  severa l  ceramic b o d i e s  t o  de te rmine  whe the r  spec ia l  
cond i t ion ing  wou ld  be  r equ i r ed  to  p reven t  con tamina t ion  of potassium 
by d e l e t e r i o u s   o u t g a s s e d   p r o d u c t s .  Two-inch d i ame te r  ceramic-to- 
n e t a l  s e a l s  were f a b r i c a t e d  a n d  s u b j e c t e d  t o  the rma l  cyc l ing  and  
v i b r a t i o n  tes ts .  E l e v a t e d   t e m p e r a t u r e   f l e x u r a l   s t r e n g t h   a n d  vacuum 
i n t e g r i t y  were de termined  on  an  ac t ive-meta l  b razed  sea1  sys tem 
which w a s  found t o  b e  s u i t a b l e  f o r  1600O F p o t a s s i u s  e x p o s u r e .  
A fou r - inch  d i ame te r  ceramic t o  columbium-18  zirconium  bore  seal  
c a p s u l e  was d e s i g n e d  a n d  f a b r i c a t e d  u t i l i z i n g  a b r a z e  alloy se- 
lected  f rom  those  de-reloped  on  the  previous  program.  This  bore 
s e a l  c a p s u l e  was bo th  loaded  wi th  fou r  grams. of h i g h - p u r i t y  po ta s -  
s i u m  a n d  s e a l e d  i n  a vacuum and was  endurance  tes ted  in  a s t a t o r  
'Re fe rences  a re  l i s t ed  a t  t h e  e n d  of t h i s  r e p o r t .  
2 
c a v i t y  f o r  5000 hours  a t  1300" F. No ev.ider.ce  of  any  degradation 
w a s  found i n  t h i s  test  ( re f .  11-21. 
B. EQUIPMENT AND EXPERIMENTAL PROCEDURES 
Uncombined  oxygen a v a i l a b l e  t o ~ p o t a s s i u m  w i l l  combine  wi th  the  
p o t a s s i u m  a n d  t h e r e b y  g r e a t l y  i n c r e a s e  t h e  p o t a s s i u m ' s  c o r r o s i v e  
e f f e c t s  (refs. 11-3 and 11-41. Care m u s t  t h e r e f o r e  be t aken  t o  
minimize  oxygen  contaminat ion:  (1) d u r i n g  test  a s sembly   f ab r i ca -  
t i o n ,  ( 2 )  d u r i n g   a l k a l i  metal hand l ing ,   and  ( 3 )  d u r i n g   e l e v a t e d  
t e m p e r a t u r e   t e s t i n g .  One approach tcj minimizing  oxygen  contamina- 
t i o n  w a s  d e s c r i b e d   p r e v i o u s l y  ( ref .  11-1). M o d i f i c a t i o n s   i n   t h i s  
equipment ,  new equipment,  and new o r  changed procedures  are des- 
c r i b e d   i n   t h i s   s e c t i o n .   G e n e r a l   c l e a n i n g   a n d   b r a z i n g   p r o c e d u r e s  * 
are  d e t a i l e d  i n  S e c t i o n  I1 of Appendix A o f  t h i s  report. A l s o  
d e s c r i b e d  i n  t h i s  s e c t i o n  a r e  t h e  e q u i p m e n t  a n d  p r o c e d u r e s  u s e d  
in  pe r fo rming  a v a r i e t y  of p h y s i c a l  asd  t h ~ ~ i a 3 .  tests on ceramic- 
t o - m e t a l  b r a z e d  j o i n t  a s s e m b l i e s .  
I' 
,I' 
1. M o d i f i c a t i o n   o f   t h e  Test Capsule  Loading  and  Welding 
F a c i l i t y  
A 2 5 - c u b i c - f o o t  g l o v e  b o x  u t i l i z e d  p r e v i o u s l y  ( r e f .  1 1 - 1 1  
f o r  l o a d i n g  h i g h - p u r i t y  p o t a s s i u m  i n t o  tes t  capsu le s  unde r  
i n e r t  g a s  w a s  modi f ied  t o  permi t  loading  under  vacuum w i t h  
s u b s e q u e n t   c a p s u l e   c l o s u r e  by electron-beam  welding.  The 
x a j o r  m o d i f i c a t i o n s  of the  capsule  weld ing  and  loading  sys-  
tem i n c l u d e d  i n s t a l l a t i . o n  of a s i x - i n c h  NCR 1 5 0 0 - l i t e r  
pe r  s econd  o i l  d i f f u s i o n  pump and a Freon-cooled CVC t r a p  
(see f i g u r e  11-1.). A Brad-Thompson I n d u s t r i e s  Model 785 
electron-beam  welder  (see f i g u r e  I:[-2) was i n s t a l l e d  i n  t h e  
chamber  with accessories r e q u i r e d   f o r   p a r t  movement.  The 
welder  w a s  powered by a Brad-Thompson I n d u s t r i e s  Model 1 6 1 5 . 0  
6-kW power  supply.  Glove por t s  wele s e a i e d   a n d   M a t e r i a l s  
Research  Corpora t ion  Model t '4-?_20 na??.i.pulators were i n s t a l l e d  
so t h a t  a l l  po tass ium ioaA:li-,q, ~ s s c r r h l i n g  a n d  e l e c t r o n - b e a m  
w e l d i n g   o p e r a t i o n s  c o u l d  be c a r d u u t e d  i n  vacuum. Po lye thy lene  
s l e e v e s  were p l a c e d  o v e r  t h e  m a n i p u l a t o r  f i t t i n g s  a n d  c o n t r o l  
arm ( f i g u r e  11-31. By m a i n t a i n i n g   h i g h - p u r i t y   a r g o n   i n   t h e s e  
s l e e v e s ,  t h e  p o s s i b l e  l e a k a g e  of oxygen through the  manipula tor  
seals when t h e y  are s u b j e c t e d  t o  a heavy load i s  reduced. 
a. ELECTRON-BEAM WELDER 
The e lec t ron-beam welder ,  descr ibed  above ,  per formed 
a d e q u a t e l y  i n  s e a l i n g  C b - i Z r  t e s t  capsules  and no weld 
f a i l u r e s  o c c u r r e d  d u r i n g  t h e  c o u r s e  of t h i s  p r o g r a m .  
However, some problems were e n c o u n t e r e d  t h e r e b y  r e q u i r i n g  
r e f i l l i n g  o f  t es t  c a p s u l e s  a n d  t h u s  c a u s i n g  a d e l a y  i n  
the  program.  Arc-over   in   the  gun  assenlbly,   caused  by 
e x c e s s i v e  p o t a s s i u m  v a p o r i z a t i o n ,  twice r e s u l t e d  i n  
3 
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FIGURE 11-2 .  Vacuum Chamber and  power  supply f o r  Capsule 
Loadinq and Weldincr 
5 
FIGURE 11-3. Photograph  Showing  Arrangement of Argon  Pressurized 
Polyethylene  Sleeves  Over  Loading  Chamber  Manipula- 
t o r  Fittings  and  Handles 
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b u r n e d - o u t   f o c u s   c o i l s .   O c c a s i o n a l  gas b u r s t s   d u r i n g  
weld ing  caused  a c u r r e n t  s u r g e  t h e r e b y  s h u t t i n g  o f f  
t h e  w e l d e r .  When t h i s  w a s  caused   by   vapor i zed   po ta s -  
s i u m ,  t h e  w e l d  c l o s u r e  g e n e r a l l y  c o u l d  n o t  be completed.  
A u t o m a t i c  c u r r e n t  c o n t r o l  w o u l d  h a v e  alleviated t h i s  
problem. 
b. TEST CAPSULE  DESIGN AND ALKALI-METAL LOADING 
PROCEDURE 
Columbium-1% zirconium test c a p s u l e s  were modi f i ed  from 
t h o s e  u s e d  p r e v i o u s l y  (ref. 1 1 - l ) , ( f i g u r e s  1 1 - 4  and  11-51 
t o  aid i n  h a n d l i n g  by m a n i p u l a t o r s  and for easier c l o s u r e  
b y   e l e c t r o n - b e a m   w e l d i n g .   C h i l l   b l o c k s   ( f i g u r e  11-61 
were d e s i g n e d  t o  k e e p  t h e  p o t a s s i u m  cool d u r i n g  w e l d i n g  
as w e l l  as t o  f a c i l i t a t e  t h e  t r a n s f e r  of c a p s u l e s .  
A l l  h e a v y  j i g s  o r  f i x t u r e s  w h i c h  were t o  b e  h a n d l e d  i n  
the  e l ec t ron -beam we ld ing  chamber  wi th  the  man ipu la to r s  
were reworked  by  add ing  p ins  wh ich  p ro t ruded  ho r i zon ta l ly  
f r o m   t h e   t o p ,   1 8 0   d e g r e e s   a p a r t   ( f i g u r e   1 1 - 6 1 .  The man- 
i p u l a t o r  j a w s  were f i t t e d  w i t h  ver t ical  p i n s  a t  t h e  t o p  
of   each  j a w  ( f i g u r e  1 1 - 6 ) .  These   p ins   a l lowed   t he   heavy  
items i n  t h e  c h a m b e r  t o  h a n g  v e r t i c a l l y  d u r i n g  h a n d l i n g :  
t h e r e b y  p e r m i t t i n g  b e t t e r  p o s i t i o n i n g  i n t o  h o l e s  o r  on 
v e r t i c a l   p i n s ,  as r e q u i r e d .  The  heavy  (up t o  2.5 pounds)  
c h i l l  b l o c k  f i x t u r e s  c o u l d  t h u s  b e  h a n d l e d  w i t h o u t  p u t t i n g  
e x c e s s i v e  stress o n   t h e   m a n i p u l a t o r  vacuum f i t t i n g s .  I n  
p r a c t i c e ,  no p r e s s u r e  rise o v e r  9 ~ 1 0 ' ~  t o r r  w a s  a t t r i b u t -  
a b l e  t o  t h e  m a n i p u l a t o r s .  
Three d i f f e r e n t  tes t  c a p s u l e s  were used  on t h i s  p r o g r a m  
as shown  below. 
ITEM MATE RIAL USE 
M S A R ~  P u r i t y  C a p s u l e ,  Cb-1Zr  To t r a n s p o r t   a l k a l i  
0.375-inch O.D. by 4 metal samples  t o  MSAR; 
i n c h e s  l o n g ,  w i t h  a P o t a s s i u m  s a m p l e  f o r  
0 .035-inch-thick w a l l .  0 2  a n a l y s i s  by H g  
amalgamation; Li sample 
f o r  N 2  a n a l y s i s  by t h e  
K j e ldah l   me thod .  
GA3 P u r i t y   C a p s u l e ,  Low oxygen To t r a n s p o r t   p o a s s i u m  
0.625-inch O.D. by 2 t y p e  304 s a m p l e   t o  GA for 02 
i n c h e s   l o n g ,  w i t h  a s t a i n l e s s   a n a l y s i s  by   neu t ron  
0.020-inch-thick w a l l ;  steel a c t i v a t i o n .  
s u p p l i e d  by GA. 
'Mine S a f e t y  A p p l i a n c e  R e s e a r c h ,  C a l l e r y ,  P e n n s y l v a n i a  
'Genera l   Atomics   Div is ion  of General   Dynamics,   Inc. ,   San  Diego,  C a l i f .  
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Electron P A r  Lid 0 .890"  + 0.000. 
Be am - 0 . 0 0 5 "  Dia 
Weld 0.100' Thick 
00. + 0 . 0 0 5 "  
x 0 .03 .  Deep 
Dia 
Nominal 
Diameter 
TnsFde 
Nominal Outside 
0.100" Thick 
Base 0.890 '  + O.OOOm 
- 0.005' Dia 
Exposure Type Capsule  
M a t e r i a l :  Cb-1aZr 
E l e c t r o n  1 1 1  
Beam 5s3 
Weld Mceaa 
0 . 1 0 0 .  Thick 
0.305" + 0.005' 
L 
f . 
0 
4 
0 
0 Groove 
0 . 1 "  Wide 
4.000. 
L LZnside Diaeter 
0 .235 '  Naminal 
0 . 1 0 0 "  Thick Trn 4 L B a s e  0 . 2 9 5 "  + 0.000' 
- 0.005* 
P u r i t y  Type Capsule  
Material: Cb-1tZr 
d i a  
, 
S t a i n l e s s  
Capsule  P 
S tee1 
arts 
Type 304  
S t a i n l e s s  
Steel 
C a p s u l e  f o r  
Neut ron  
A c  ti va ti on, $;,..$+ 
Analysis . 'I I... ., .J .,.$, 
, . I . .  
,: i t 
Par ts  
FIGURE: 11-5. Columbium-1% Z i r c o n i u m   a n d   S t a i n l e s s  Steel  Capsu le s  
for Mercury Amalgamation and Neutron Act ivat ion 
Analyses  of A l k a l i  Metals, Showing Elec t ron  Beam 
Weldments 
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I 
Vertical P i n  
on  Manipula tor  
t o  A i d  i n  
Man ipu la t ing  
\ 
H o r i z o n t a l  P i n s  
o n  C h i l l  Block 
t o  A i d  i n  
Man ipu la t ion  
FIGURE 11-6. Photograph of Manipula tor   Handl ing  of P u r i t y  Test 
Capsule  w i t h  E l e c t r o n  B e a m  Welder C h i l l  Block 
F i x t u r i n g  
10 
i 
j 
Exposure Test Capsule  Cb-1 Z r  T o  con ta in   po ta s s ium 
1.00-inch O.D.  by 4 or  l i t h i u m  a n d  ceramic- 
i n c h e s  l o n g  w i t h  a to-metal brazcments  
0 .125- inch- th ick  wal l .  samples fo r  compat- 
i b i l i t y  tests. 
Capsules  were vacuum f i r e d  t o  1100O F a t  < 5 ~ 1 0 - ~  torr 
t o  e l i m i n a t e  e x c e s s i v e  o u t g a s s i n g  d u r i n g  e l e c t r o n - b e a m  
welding  and t o  remove  uncombined  oxygen.  The  detailed 
p r o c e d u r e  a d o p t e d  f o r  f i l l i n g  c a p s u l e s  w i t h  a l k a l i  metal 
i s  g iven   in   Appendix  B. V a r i a t i o n s   f r o m   t h i s   p r o c e d u r e  
were made a n d  a r e  o u t l i n e d  w i t h  t h e  d i s c u s s i o n  of t h e  
p e r t i n e n t  tes ts .  
A number of problems were encoun te red  du r ing  load ing  in  
e a r l y   l o a d i n g s .  A d e s c r i p t i o n   o f   t h e s e   f o l l o w :  
1.) P o t a s s i u m   s o l i d i f i e d  on t h e   i n s i d e   s u r f a c e   o f   t h e  
c a p s u l e  d u r i n g  f i l l i n g ,  t h u s  b r i d g i n g  t h e  t u b e  
o p e n i n g .   T h i s   r e s u l t e d   i n   a n   o v e r f l o w   b e f o r e   t h e  
d e s i r e d  amount  of  potassium  had  been  loaded.  The 
problem w a s  r e s o l v e d  by p r e h e a t i n g  t h e  c a p s u l e  a n d  
c h i l l  b l o c k  w i t h  a defocussed  beam f r o m  t h e  e l e c t r o n  
beam welder.  About 180  w a t t s  o f   power   app l i ed   fo r  
7 minutes  was found t o  be adequate .  
2 )  P i t - u p   o f   t h e   n e u t r o n   a c t i v a t i o n   p u r i t y  tes t  c a p s u l e  
p a r t s  was i n a d e q u a t e   f o r   r e l i a b l e   w e l d i n g .   M o d i f i -  
c a t i o n  o f  t h e  c a p s u l e  t o  have i t s  r i m  a b o v e  t h e  l i d  
and use of  a s l i g h t l y  d e f o c u s s e d  beam r e s u l t e d  i n  
s u c c e s s f u l  c l o s u r e s .  
3 )  R e s u l t s  from e a r l y   n e u t r o n   a c t i v a t i o n   a n a l y s e s   d i s -  
c l o s e d  t h a t  t h e  o x y g e n  c o n t e n t  of t h e  empty neutron 
a c t i v a t i o n  test c a p s u l e s  was h i g h e r  t h a n  d e s i r e d .  
c .  CHECKOUT AND PROOF TESTING O F  CAPSULE LOADING 
A requi rement  t o  d e m o n s t r a t e  t h a t  t h e  a l k a l i - m e t a l  h a n -  
d l ing  and  load ing  equ ipmen t  and  p rocedure  were adequa te  
was f u l f i l l e d  by l o a d i n g  t r ia l  c a p s u l e s  a n d  h a v i n g  t h e  
a l k a l i - m e t a l   c o n t e n t s   a n a l y z e d .   C a p s u l e s   l o a d e d   w i t h  
po ta s s ium and  l i t h ium were found t o  c o n t a i n  less t h a n  
1 0  ppm oxygen  and less t h a n  4 0  ppm n i t r o g e n  r e s p e c t i v e l y .  
A series o f   c a p s u l e   l o a d i n g s  were made. Potassium  and 
l i t h i u m  h a v i n g  s p e c i f i c a t i o n s  as l i s t e d  i n  Appendix B 
were obtained from Mine Safe ty  Appl iance  Research  Corpor-  
a t i o n .  The MSAR t a n k s   c o n t a i n e d   z i r c o n i u m   g e t t e r  material  
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and were a t t a c h e d  d i r e c t l y  t o  the  e l ec t ron -heam we ld ing  
chamber t o  a c t  as a combined  hot  t rap  and  s torage  con-  
t a i n e r .  
N e u t r o n  a c t i v a t i o n  a n a l y s i s  for  oxygen i n  p o t a s s i u m  w a s  
i n i t i a l l y  t h o u g h t  t o  be a method more s a t i s f a c t o r y  t h a n  
the  mercury  canalgamation  method.   Early  evaluat ion of 
t r i a l  l o a d i n g s  was  based  on  neut ron  ac t . iva t ion  ana lyses  
o n l y ,  a l t h o u g h  c a p s u l e s  f o r  b o t h  t y p e s  o f  a n a l y s e s  h a d  
been  loaded. Later  it was r e a l i z e d   t h a t   t h e   r e l a t i v e l y  
high oxygen content  of t h e  n e u t r o n  a c t i v a t i o n  c a p s u l e ' s  
s t a i n l e s s  s teel  w a s  r e s p o n s i b l e  f o r  a n o m a l o u s  r e s u l t s .  
The f i n a l  a c c e p t a n c e  o f  a load ing  p rocedure  was based 
on the mercury amalgamation method for  oxygen determina-  
t i o n .  
A f t e r  s e v e r a l  t r i a l  l o a d i n g s  of' g e t t e r e d  p o t a s s i u m  i f i t o  
t h e  t e s t  c a p s u l e s ,  o x y g e n  c o n t e n t  o f  t h e  p o t a s s i u m  was 
analyzed  and  found t o  be less t h a n  1 0  ppm by  t h e  mercor:; 
amalgamation  method. The f a c i l i t y  and  procedures  were 
t h e n  c o n s i d e r e d  r e a d y  f o r  s p e c i m e n  l o a d i n g  a n d  t e s t i n g .  
D u r i n g  t h e  c o u r s e  o f  t h e s e  t r i a l  l o a d i n g s  s e v e r a l  s i g n i -  
f i c a n t   o b s e r v a t i o n s  were made. 
P u r g i n g  t h e  p o t a s s i u m  f i l l  l i n e ,  w h i c h  e x t e n d s  
f r o m  t h e  h o t - g e t t e r  c o n t a i n e r  t o  t h e  i n t e r i o r  o f  
t h e  v a c u m  chamber,   reduced  contaminat ion.   Flush-  
i n g  o f  t h e  f i l l - l i n e  a n d  t i p  w i t h  h o t  p o t a s s i u m  
j u s t  p r i o r  t o  load ing  a ided  even  more s i g n i f i c a n t l y  
in  the  reduct ion  of  oxygen  Contaminat ion .  
The i n s t a l l a t i o n  o f  p o l y e t h l y l e n e  s l e e v e s  o v e r  the 
vacuum m a n i p u l a t o r  f i t t i n g s  a n d  h a n d l e s  r e d u c e s  t h e  
p o s s i b i l i t y  o f  p o t a s s i u m  c o n t a m i n a t i o n  d u r i n g  :I.oz:;. 
i ng .  The s l e e v e s  were p res su r i zed   w i th   h igh -pur ib ; .  
a r g o n   d u r i n g   s e r v i c e .   T h i s   m o d i f i c a t i o n  i s  espe-  
c i a l l y  u s e f u l  i f  heavy accessories i n  t h e  vacuum 
chamber a r e  l i f t e d  and moved w i t h  t h e s e  m a n i p u l a t o r s .  
The p o t a s s i u m  h o t - t r a p  c o n t a i n e r  i s  a n  e f f e c t i v e  
method of s t o r i n g   a n d   g e t t e r i n g   p o t a s s i u m .   A f t e r  
i n t e r m i t t e n t  u s e  o v e r  a p e r i o d  o f  1 8  months  and 
f r e q u e n t  h o t - g e t t e r i n g  c y c l e s ,  t h e  potassium re- 
m a i n i n g  i n  t h e  c o n t a i n e r  was  ana lyzed  before  refj.j.:,;::q 
w i t h  a second l o t  (B) of   potassium. The oxygen 
con ten t  o f  t he  r ema in ing  po ta s s ium w a s  less than  
1 0  ppm. Ana lys i s  w a s  performed by the   mercury  
amalgamation method by Mine Sa fe ty  App l i ance  R e -  
s ea rch  Corpora t ion .  
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4 )  Loading   capsules  with Lithium  proved more d i f f i c u l t  
t h a n   w i t h  potassium. The p u r i t y  o f  t h e  b e s t  start- 
i n g  material from commercial sou rces  and  the  ana ly -  
s is  methods are n o t  a d e q u a t e  for  p r o v i d i n g  l i t h i u m  
s u i t a b l e  f o r  l o n g - t e r m ,  h i g h - t e m p e r a t u r e  t e s t i n g .  
2.  Vacuum Furnace f o r  t h e  High  Temperature,  Long-Term _____ 
Exposure of Test C a D s a e s  
To a s s u r e   p r e s s u r e   i n   t h e  torr r a n g e   d u r i n g   t h e  2000- 
hour,  1600' F exposure  o f  Cb-1Zr tes t  c a p s u l e s  c o n t a i n i n g  
t es t  s p e c i m e n s  a n d  a l k a l i  metal, t h e  d u a l  vacuum f u r n a c e  
( r e f .  11-1) was   mod i f i ed   ( f igu re  11-7) as f o l l o w s :   t h e  
d i f f u s i o n  pumping system w a s  r e p l a c e d  w i t h  a n  U l t e k  N o .  
20-365,   400-l i ter-per-second  ion pump and  power  supply.  
The b e l l  j a r  O-r ing  f langes  were r e p l a c e d  w i t h  u l t r a - h i g h -  
vacuum g o l d   s e a l   f l a n g e s .  Th,:! same manifold  and  furnace 
s t r u c t u r e  ( f i g u r e s  11-8 and 11-9) as  p r e v i o u s l y   d e s c r i b e d  
( r e f .  11-11 was  used. The sys tem i s  roughed  with a p o r t a b l e  
Welch 1 3 9 7 B  forepump  through a 1 /2 - inch  coppe r  tubu la t ion  
a t  t h e  t o p  center  f l a n g e .  The t u b u l a t i o n  i s  n i p p e d   o f f  
a f t e r  s t a r t i n g  t h e  s p u t t e r - i o n  pump. A f t e r  a m i l d  bakeout  
w i t h   h e a t i n g   t a p e s   a n d   l a m p s   o v e r n i g h t ,   t h e   c o l d ,   d r y ,   a n d  
empty  system  reached a p r e s s u r e  o f  ~ x ~ O - ~ O  t o r r .  
3 .  Ceramic  Outgassing  Equipment  and  Procedure 
The i n v e s t i g a t i o n  of o u t g a s s i n g  o f  b o r e  seal  ceramics w a s  
u n d e r t a k e n  t o  l e a r n  w h e t h e r  a n  o u t g a s s i n g  s t e p  w a s  n e c e s s a r y  
t o  p reven t  con tamina t ion  o f  po ta s s ium by t h e  o u t g a s s e d  com- 
ponents .  
Alumina  and b e r y l l i a  ceramics: a r e  u s u a l l y  f a b r i c a t e d  by 
s i n t e r i n g   t h e   a p p r o p r i a t e   p o w d e r s   i n   c o m p a c t e d  form, i n  
an   ox id i z ing   a tmosphe re   fo r  1 / 2  t o  3 h o u r s  a t  t e m p e r a t u r e s  
i n   t h e  2700O t o  3100O F range .   Disso lved ,   chemisorbed ,   and  
occ luded   oxygen-conta in ing   gases  (H20, CO,  C 0 2 )  a r e ,   t h e r e -  
f o r e ,  r e l e a s e d  by t h e  ceramics d u r i n g  s u b s e q u e n t  t r e a t m e n t  
o r   u s e   a t   e l e v a t e d   t e m p e r a t u r e s .   P r e v i o u s  work ( r e f .  11-51 
a t  EI r lAC D i v i s i o n  of Var ian  Associates on alumina and sap- 
p h i r e  o u t g a s s i n g  h a d  shown t h a t  c l e a n i n g  a n d  h e a t  t r e a t i n g  
p rocedures  on a s - r e c e i v e d  ceranics a l so  m a r k e d l y  a f f e c t  t h e  
ou tgass ing  r a t e  and  the  compos i t ion  o f  t he  gas  vo lume  evo lved .  
The o u t g a s s i n g  s t u d i e s  c i t e d  c o n s i s t  o f  h e a t i n g  t h e  s a m p l e s  
from tempera tu re  T 1  t o  t empera tu re  T 2  i n  a vacuum f u r n a c e ,  
c o l l e c t i n g  t h e  e v o l v e d  g a s e s ,  a n d  t h e n  a n a l y z i n g  t h e m  w i t h  
a mass spec t romete r .  The  method was u s e f u l  i n  d e t e r m i n i n g  
t h e  t o t a l  e v o l v e d  g a s  c o n t e n t  a n d  c o m p o s i t i o n  f o r  t h e  TI t o  
T2 h e a t   r e a t m e n t .   S u b s e q u e n t l y ,  a t e c h n i q u e   a n d   a s s o c l a t e d  
i n s t r u m e n t a t i o n  w a s  deve loped  a t  EIMAC w h i c h  o f f e r e d  t h e  
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SUPPLIES 
FIGURE 11-7. schematic of Dual  Vacuum  Furnace  Modifications 
Using Ion  Pumping 
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F I G U R E  11-8. Schematic  of Tantalum  Element Vacuum Furnace  
Used i n  1000"  and 1600°F Capsule Exposure Tests. 
Dummy Capsules  Contain Thermocouples  Used t o  
Monitor  Temperature  
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FIGURE 11-9. Close  up of Dual Vacuum Furnace  Equipment 
l b  
a d d i t i o n a l  a d v a n t a g e  of b e i n g  a b l e  t o  d i s c r i m i n a t e  b e t w e e n  
s u r f a c e   a b s o r b e d   g a s   a n d   b u l k   o u t g a s s i n g .  The t e c h n i q u e  
c o n s i s t e d  of d r o p p i n g  t h e  p r e p a r e d  s a m p l e  i n t o  a p r e c i s e l y  
c o n t r o l l e d ,  p r e - c o n d i t i o n e d  vacuum f u r n a c e  h e l d  a t  t h e  t es t  
t e m p e r a t u r e .   S e l e c t e d  m / e  (mass- to-charge)  r a t io s  cor respond-  
i n g  t o  t h e  p r e d o m i n a n t  g a s e s  a n d  t o t a l  p r e s s u r e  were moni tored .  
The  pumping rate o f  t he  sys t em fo r  each  gas  componen t  w a s  
known so o u t g a s s i n g  rates a n d  t o t a l  e v o l v e d  g a s  v o l u m e s  c o u l d  
be  determined.  A s  t h e  t e s t  s a m p l e   r a p i d l y   r e a c h e d   t h e   f u r n a c e  
t e m p e r a t u r e ,  t h e  o u t g a s s i n g  c u r v e  e x h i b i t e d  t h r e e  d i s t i n c t  
p r e s s u r e  p e a k s  c o r r e s p o n d i n g  to: 
a )   S u r f a c e   g a s e s   d i s t u r b e d  by s l i d i n g   t h e   s a m p l e   i n t o   t h e  
f u r n a c e .  
b )  Sur face   gas   deso rp t ion   f rom  the   s ample .  
c )  Di f fus ing   gases   f rom t h e  bu lk  of the   sample .  
The l e a d i n g  e d g e s  a n d  t h e  t a i l s  o f  t h e  p r e s s u r e  p e a k s  o v e r -  
l a p ,   b u t   t h e   p e a k  maxima themse lves  are q u i t e  d i s t i n c t .  The 
t h i r d  a n d  l a s t  p e a k  r e p r e s e n t e d  t h e  b u l k  g a s e s  w h i c h  were of  
g r e a t e s t  i n t e r e s t  i n  t h i s  work.  They were t h e   g a s e s   w h i c h  
d i f f u s e d  o u t  d u r i n g  o p e r a t i o n  o f  t h e  b o r e  seal  and might 
i n t r o d u c e   o x y g e n   i n t o   t h e   p o t a s s i u m   v a p o r .  The s u r f a c e  
g a s e s  c a n  b e  e l i m i n a t e d  w i t h  p r o p e r  s y s t e m  p r e p a r a t i o n .  
The  ou tgass ing  equ ipmen t  shown i n  f i g u r e  11-10  w a s  u t i l i z e d  
t h e  p r o g r a m  w i t h  t h e  f o l l o w i n g  g e n e r a l  p r o c e d u r e :  
A t r i a l  run w a s  made t o  i n s u r e  t h a t  t h e  a p p a r a t u s  
could  be  pumped down t o  a background  l eve l  o f  less 
than  2x10-8 t o r r  f o r  a l l  p e r t i n e n t  g a s e s .  
The prepared  spec imen was i n s e r t e d  w i t h  a f e r r i - m a g n e t i c  
p u s h e r  i n t o  t h e  h o r i z o n t a l  p a r t  of t h e  t es t  chamber  and 
the  sys t em was t h e n  s e a l e d .  
The system was then pumped  down, w h i l e  b a k i n g  t h e  areas 
shown i n  f i g u r e  11-11 u n t i l  t h e  t o t a l  p r e s s u r e  w a s  below 
10-6 torr, and p a r t i a l  p r e s s u r e  b a c k g r o u n d  w a s  below 
2x10-8 t o r r .  The   va lv ing   permi t ted   pumping   dur ing   bake-  
o u t  a t  t h e  f u l l  4 0  Z/sec c a p a c i t y   o f   t h e  pump. However, 
d u r i n g  t h e  o u t g a s s i n g  r u n ,  a bypass  va lve  was c l o s e d  so 
t h a t  pumping   t ook   p l ace   t h rough   t he  1 Il/sec (N2) o r i f i c e  
T h e  f u r n a c e  w a s  h e a t e d  t o  t h e  d e s i r e d  ceramic o u t g a s s i n g  
t e m p e r a t u r e  a n d  a g a i n  h e l d  u n t i l  t h e  d e s i r e d  b a s e  p r e s s u r e s  
were reached .  
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FIGURE 11-10. Photograph  of Ceramic Outgass ing  Analysis 
Sys tern 
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Sys tem 
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e )  W i t h   t h e   r e s i d u a l  gas a n a l y z e r   s c a n n i n g  masses 2 t c  4 0  
e v e r y  second t h e  specimen w a s  pushed  in t . 0  thc  fu rnace  
w i t h  a magnet. 
f )  A f t e r   t h e   p a r t i a l   p r e s s u r e s   r e a c h  a n e a r l y   c o n s t a n t  
va lue  ( approx ima te ly  1 h o u r )  t h e  t e s t  w a s  s t o p p e d .  
4. Ceramic-to-Metal Seal Test ing Equipment  
An I n s t r o n  T e n s i l e  Test Machine was u s e d  f o r  m e a s u r i n g  t h e  
modulus-of-rupture (MOR) of b r a z e d  ceramic-to-metal MOR 
specimens.  The specimens,  j i g s ,  and  methods were d e s c r i b e d  
p r e v i o u s l y   ( r e f .  11-1). The t e s t i n g   o f   t a b   p e e l   s t r e n g t h  
and ceramic-to-metal vacuum i n t e g r i t y  s p e c i m e n s  were also 
d e s c r i b e d  i n  t h e  same r e p o r t .  
NeLG and more advanced tests were a p p l i e d  d u r i n g  t h i s  p r o g r a m .  
These  inc luded  e leva ted  tempera ture  modulus-of - rupture  and 
vacuum-leak tests on ceramic-to-metal sea ls .  I n   a d d i t i o n  
v ib ra t ion ,   t he rma l   shock ,   and   t he rma l   cyc l ing  tests were 
performed. The new equipment   and  procedures  are d e s c r i b e d  
i n  t h e  f o l l o w i n g  s u b - s e c t i o n s .  
a. ELEVATED TEMPERATURE FLEXURAL STRENGTH APPARATUS 
An a p p a r a t u s  ( f i g u r e  1 1 - 1 2 ]  w a s  c o n s t r u c t e d  i n  w h i c h  
t h e  s t a n d a r d  f o u r - p o i n t  l o a d i n g  m o d u l u s - o f - r u p t u r e  t es t  
cou1.d be  performed on b razed  ceramic-to-metal specimens 
a t  e l e v a t e d   t e m p e r a t u r e s .  The a p p a r a t u s  w a s  mounted i n  
t h e  I n s t r o n  T e n s i l e  Test Machine and measurements were 
made i n  t h e  same manner a s  at. room t e m p e r a t u r e .  The 
fo l lowing   p rocedures  were r'uiloY,*:ec! in making   t he   e l eva te ( ;  
t e m p e r a t u r e  t es t s .  
1) The a p p a r a t u s  w a s  p o s i t i o n e d   i n   t h e   S n s t r c r l  
machine  with a s p e c i m e n  i n  p l a c e  o n  t h e  a a v i l s .  
2 )  The a p p a r a t u s  w a s  evacuated  and  purgcc! s l o w l y  
w i t h  a r g o n  when t h e  p r e s s u r e  r e a c h e d  2 0 0  torr .  
3 )  The  chamber was b a c k f i l l e d   w i t h   h i g h - p u r i t y  
argon.  
4) The furr ,ace was t h e n   h e a t e d  t o  6 0 0 °  F .  
5 )  The f u r n a c e  was then   evacuated   and   ou tgassed  
u n t i l  t h e  p r e s s u r e  r e a c h e d  1. torr .  
6 1 The chamber w a s  a g a i n   b a c k f i l l e d   w i t h   h i g h -  
p u r i t y  a r g o n  and t h e  t e m p e r a t u r e  r a i s e d  t o  t h e  
d e s i r e d  leve l .  
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7) The a r g o n   p r e s s u r e  w a s  a d j u s t e d  t o  one  atmos- 
phere  and  the modulus-of - rupture  bar  w a s  
t e s t e d  a t  a s t r a i n  rate of 0.1-inch per 
m i n u t e  w h i l e  r e c o r d i n g  t h e  f o r c e  o n  a n  x-y 
r e c o r d e r .  
8) F i n a l l y  the f u r n a c e  was removed from t h e  
a p p a r a t u s  t o  p e r m i t  r a p i d  c o o l i n g .  
A normal t e s t  a t  1600O F was comple ted  in  approximate ly  
t h r e e   h o u r s .  T r i a l  tests on  Thermalox 998"  modulus-of- 
r u p t u r e  bars a t  1400O and 1600O F r e s u l t e d   i n   f l e x u r a l  
s t r e n g t h  v a l u e s  n e a r l y  t h e  same as p r e v i o u s l y  f o u n d  i n  
the  normal  room temperature f l e x u r a l  s t r e n g t h  tests.  
Th i s  was i n  g e n e r a l  a g r e e m e n t  w i t h  r e su l t s  r e p o r t d  i r  
t h e  l i t e r a t u r e  (see Appendix C ) .  
b. VIBRATION TEST APPARATUS 
A v i b r a t i o n  t e s t  f i x t u r e  ( f i g u r e  11-13) w a s  made from 
6 0 6 1  aluminum a l l o y  t o  ho ld  a 2- inch diameter  by 2- inch 
long  ceramic-to-metal v i b r a t i o n  t es t  assembly. The 
f i x t u r e  was  mounted on an Alidyne A 1 7 4  s h a k e r  t a b l e  
and a t es t  was conducted as fo l lows :  
The assembly was leak checked. 
The assembly  was  then  mounted  in  the  v ibra-  
t i o n  f i x t u r e  w i t h  s t r a i n  g a g e s  mounted as 
shown i n  f i g u r e  1 1 - 1 4 .  
The assembly was ;;Lbreted a x i a i l y  a t  1 0  q's, 
w i t h  a r a p i d  sea? f ros  0 to 2000 c y c l e s  pe'r 
second t o  loca te  rke resonznce f r e q u e n c i e s .  
The scan  was repeated w i t h  a f i v e  minute  h o l d  
a t  each  resonance  f requency .  
The scan  was t h e n  r e p e a t e d  a f t e r  removing the 
t e s t  assembly t o  o b t a i n  t h e  r e s o n a n c e  p o i n t s  
of t h e  s h a k e r  a n d  v i b r a t i o n  j i g .  
The assembly w a s  vacuun-leak checked agai:] 
a f t e r  t h e  t e s t  w a s  completed.  
"Trade name for t h e  99 .8% B e 0  p roduc t  of t h e  Brush Beryllium Com- 
pany, Elmore, Ohio. 
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The b r a z i n g   f u r n a c e  was m o d i f i e d  ( f i g u r e  11-1.5) t o  con- 
duc t  h igh- tempera ture  vacuum-leak  checks  and  thermal -  
c y c l e  and thermal-shock tests on 2 - inch  d i ame te r  by 
2-inch  long  model bore seals ( S e c t i o n  I I . C . 7 ) .  A 
helium  supply  and  specimen  mountin,-   tube wer'e added 
so  t h a t  a h e l i u m  p r e s s u r i z e d  specirner? coula be mountc:::? 
i n  t h e  h o t  z o n e .  
'The e l eva ted .  t empera tu re  vacuum leak  check  and  thermal  
cycle t e s t  was conducted as .follows: 
1) The tes t  assembly was mounted i n  t h e  s u s c e p t o r  
and  evacuated.  A l l  j o i n t s  were leak checked. 
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The be l l  j a r  w a s  installed and b o t h  s i d e s  of t e s t  
assembly were evacua ted .  
The l e a k  ra te  w a s  measured w i t h  a t r a c e  of h e l i w ,  
i n s i d e   t h e   a s s e m b l y ,  then with  2-1/2,  5 ,  7-1/2, a n d  
1 0  p s i a  helium i n s i d e  the bore seal. 
The  assembly w a s  evacua ted  and  hea ted  t o  1400O F 
a t .  t h e  ra te  of 25" F p e r  m i n u t e .  
S t e p  N o .  3 was t h e n  r e p e a t e d .  
The  appara tus  w a s  t h e n  c o o l e d  t o  less t h a n  3 5 0 °  F 
a t  a ra te  of approx ima te ly  2 5 O  F p e r  m i n u t e .  
S t e p  N o .  3 was r e p e a t e d  o n c e  a g a i n .  
S t e p s  4 t o  6 were r e p e a t e d  as r e q u i r e d .  See 
S e c t i o n  I I . C . 7 .  f o r  t h e  a c t u a l  number of cycles 
a n d  r e s u l t s  of t h e  test  on t h i s  p r o g r a m .  
thermal   shock test  w a s  c o n d u c t e d  i n  t h e  same manner 
as  n o t e d  a b o v e  e x c e p t  f o r  t h e  h e a t i n g  a n d  c o o l i n g  r a t e s  
which were 1 0 0 "  F p e r  m i n u t e .  
C. CERAMIC-TO-METAL SEALS 
1. A n a l y s i s   a n d   S e l e c t i o n   o f   S e a l i n g   M a t e r i a l s   a n d  Systems 
a. BORE SEAL MATERIALS 
Columbiun-1%  zirconium  al loy was used  50th a s  a capsLle 
material  and a s  a met21 rnemkr i n  the cerc;mlc-t.o-n!e~-., 
t es t  a s s e m b l i e s  on t h i s  program and ofi NASA contract. 
NAS3-4162.  The oxygen l e v e l   o f  a l l  r e f r a c t o r y   m e t a l s  
used  was  below 300 ppm. Re l i ab le ,   vacuum- t igh t ,  potas- 
s i u m - r e s i s t a n t  welds were made by e i t h e r  t u n g s t e n  i . n e r t -  
gas   o r   e l ec t ron -beam  we ld ing   t echn iques .  T e s t  c a p s u l e s  
f o r  t h i s  p r o g r a m  were welded by the electron-beam w e l c l -  
i n g   m e t h o d .   M e t a l l u r g i c a l   c r o s s - s e c t i o n s  of j o i n t s  an- 
n e a l e d  a t  2200"  F f o r  o n e  hoar a.nd s u b s e q u e n t l y  l i f e  
tested showed. g o d  j o i n t   i n t e g r i t y .  Reliable cerzmi(:-S!~- 
metal seals  were f a b r i c a t e d  w i t h  columbium-1% z i r r x s > . c r .  
D-43 columbium a l l o y  (Cb-lOW-1Zr-O.lC) and 1;-1.11 t anmi? . . : -  
a l l o y  (Ta-8W-2Hf) were a l so  s a t i s f a c t o r y  for  t h e  fabr ic ; . - -  
t i o n  of ceramic- to-metal  seals ( r e f .  11-11 * 
H i g h - p u r i t y  a l u m i n a  a n d  b e r y l l i a  ceramics were selected 
p r e v i o u s l y  on t h e  b a s i s  of t h e i r  t h e r m o d y n a m i c  s t a b i l i t y .  
Sapphi re5 ,   Luca lox ' ,  and Thermalox 9987 were found t o  
r e t a i n  t h e i r  i n t r i n s i c  s t r e n g t h  a n d  resist a t t a c k  b y  
potassium d u r i n g  500-hour exposure tests a t  1600O F 
( r e f .  1 1 - 1 1 .  S i n c e   a c t u a l  bore-seal ceramics are re- 
q u i r e d  t o  o p e r a t e  for long  pe r iods ,  2000-hour  a lka l i -  
metal exposure  tests were c a r r i e d  o u t  o n  t h i s  p r o g r a m .  
A d d i t i o n a l  ceramic bodies were tested for u s e  i n  t h e  
e v e n t  t h a t  t h e  a b o v e  materials prove u n s a t i s f a c t o r y .  
H igh-pur i ty  y t t r i ae  and  Therma lox  9987 b e r y l l i a ,  b o t h  
manufactured t o  l i m i t  t h e  c o n t e n t  of S i 0 2  and  o the r  
t he rmodynamica l ly  uns t ab le  spec ie s ,  were o r d e r e d  i n  
t h e  forms of  modulus-of-rupture  bars and small c y l i n d e r s .  
T h i s  s e c t i o n  describes t h e  s e a r c h  f o r  a method of j o i n i n g  
columbium-1%  zirconium t o  a ceramic which w i l l  r e s u l t  
i n  a s y s t e m  r e s i s t a n t  t o  a l k a l i  metal f o r  l o n g e r  p e r i o d s  
of exposure .  
b. CERAMIC-TO-METAL J O I N I N G  
Two j o i n i n g  t e c h n i q u e s  were emphasized on this  program: 
a c t i v e  m e t a l  b r a z i n g ,  and b r a z i n g  t o  m e t a l l i z e d  c e r a m i c s .  
The a c t i v e  b r a z i n g  t e c h n i q u e  w a s  found t o  be more prom- 
i s i n g  on the previous  program ( r e f .  11-1) and most of 
t h e  e f f o r t  on t h i s  program w a s  devoted  t o  it. The p r i n -  
c i p l e s  u n d e r l y i n g  t h e  p r o c e s s  a n d  f a c t o r s  c o n s i d e r e d  i n  
s e l e c t i n g  t h e  m o s t  p r o m i s i n g  s y s t e m s  a re  o u t l i n e d  h e r e .  
Most m e t a l s  do n o t  w e t  ce ramics .  Metals p o s s e s s i n g  h i g h  
f r e e   e n e r g i e s   o f   o x i d e   f o r m a t i o n  (-AFf) as  a c l a s s  c a n  
w e t  and  jo in  ceramics  t o  o t h e r  m e t a l s .  
"Ac t ive  metals" a r e  t h o s e  t h a t  react acco rd ing  t o  PI+CeO, 
+ MO,+Ce, where M = metal and C e  = ceramic. The metals 
t i t an ium,   co lumbium,   z i rconium,   hafn ium,   y t t r ium  and  
vanadium are a l l  v e r y  a c t i v e  metals with high me1tir .g  
t empera tu res .   These   me ta l s  may be a l l o y e d   w i t h   e a c h  
o t h e r  a n d  w i t h  o t h e r  metals ( such  as n i c k e l ,  c o p p e r ,  
b e r y l l i u m ,  a n d  s i l v e r )  i n  o r d e r  t o  r e d u c e  t h e i r  r e a c t i v i -  
t i e s  w i t h  t h e  ceramic and metal members, and t o  lower 
5 S i n g l e  c r y s t a l  a l u m i n a  (-100% A l 2 0 3 )  s u p p l i e d  by L inde   D iv i s ion ,  
Union Carbide Corporat ion.  
Company, Lamp Divis ion ,   Cleve land ,   Ohio .  
Trade name f o r  t h e  99 .8% B e 0  p roduc t  of t h e  Brush Beryl l ium 
Company, E l m o r e ,  Ohio. 
6Trade  name f o r  t h e  99.8% A 1 2 0 3  produc t  of t h e  G e n e r a l  E lec t r ic  
7 
eSupp l i ed  by Coors P o r c e l a i n  Company, Golden,  Colorado. 
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t h e i r   b r a z i n g   t e m p e r a t u r e s .  Lower  b r a z i n g  t e m p e r a k u r e  
i s  ccnducive t o  a v o i d i n g  w a r p a g e  o f  l a r g e  s t r u c t u r e s .  
The e s s e n t i a l  r equ i r emen t s  f o r  j o i n t  s t a b i l i t y  w h i c h  
must be m e t  by  any s e a l i n g  sys tem f o r  t h i s  p r o g r a m  were: 
1) R e s i s t a n c e  of t h e  metal, t h e  ceramic, t h e  
b r a z i n g  a l l o y ,  a n d  t h e  r e a c t i o n  p r o d u c t s  
formed a t  t h e  i n t e r f a c e s  d u r i n g  b r a z i n g  t o  
po ta s s ium vapor  and  l i qu id  a t  1600O F. 
2 )  I n t r i n s i c   s t a b i l i t y   i n  a vacuum of 1 ~ 1 0 - ~  
torr a t  1600O F. 
3 )  High b r a z e d  s t r e n g t h .   T h i s  is promoted by a 
d u c t i l e  m a t r i x  a n d  a d u c t i l e  l a y e r  n e x t  t o  
t h e  ceramic. 
a l t h o u g h  e m p i r i c a l  r u l e s  c a n  ac t  as a gu ide ,  no  theo ry  i s  
ava i l ab le  wh ich  w i l l  p r e d i c t  t h e  a c t u a l  r e s i s t a n c e  of 
m e t a l s  t o  potass ium  ( re fs .   11-6   and  11-71 .  I n   g e n e r a l ,  
the. r . e f r a c t o r y  m e t a l s ,  from groups  IV, V, and V I ,  of t h e  
p e r i o d i c  t a b l e ,  i n c l u d e  t h e  most s u i t a b l e  c o r r o s i o n  
r e s i s t a n t  materials. However, o t h e r  materials, i f  
cornbj.ned i n  t h e  form of s t a b l e  i n t e r m e t a l l i c s ,  ( e . g . ,  
!:hBe2) o f f e r   p r o m i s e .  I t  wou ld   be   expec ted   t ha t   t he  
n o r e  r e f r a c t o r y  t h e  i n t e r m e t a l l i c ,  t h e  more r e s i s t a n t  
.it- would  be t o  c o r r o s i o n .  For example,  CbBe2 (MP = 
3812O F) would  be  superior  t o  CbBe12 (PIP = 3002O F ) .  
Tne atomic r a d i i  o f  t h e  e l e m e n t s ,  t ab le  11-1, can  a i d  
i n   p r e d i c t i n g  solid s o l u b i l i t y .   A c c o r d i n g  t o  t h e  
iiume-Rothery r u l e s ,  i f  less t.han a 15 p e r c e n t  d i f f e r e n c e  
i n  r a d i i  e x i s t s ,  c o m p l e t e  s o l i d  s c l u h i l i t y  will he pos- 
s i b l e .  However, t h i s  r u l e  i s  of no h e l p   w i t h   r e g a r d  tr! 
p r e d i c t i n g  k i n e t i c s ,  i . e . ,  t h e i r  l i q u i d  s o l u b i l i t y  r a t e s  
i n  a l k a l i  metals. 
I n  g e n e r a l ,  t h e  h i g h e r  t h e  m e l t i n g  p o i n t  o f  t h e  m e t a l  
and  the  lower t h e  m e l t i n g  p o i n t  of t h e  a l k a l i  m e t a l ,  t h e  
less w i l l  b e   t h e   l i q u i d   s o l u b i l i t y .  One c a n   r e a d i l y  
see t h a t  l i t h i u m  may e n t e r  t h e  r e f r a c t o r y  m e t a l  l a t t i c e  
by t h e  s o l i d  s o l u t i o n  p r o c e s s e s ,  t h u s  i t s  node c ~ f  attack. 
on  oxygen  p resen t  i n  the  a l loy  can  be  th rough  the  z rys t s . ?  
l a t t i c e ,  as w e l l  as a long  i t s  g r a i n  b o u n d a r i e s .  
The oxygen leve l  of a b r a z i n g  a l l o y  m u s t  b e  l o w  i n  o r d e r  
t h a t  a n  a l k a l i  metal w i l l  n o t  react wi th  the  oxygen and 
l e a v e  a porous  and  thereby  weakened metal. T h i s  c r i te -  
r i o n  i s  n o t  as  c r i t i c a l  i f  t h e  oxygen i s  t i e d  u p  by a 
g e t t e r - m e t a l  a l l o y  a d d i t i o n  i n  t h e  form of very stable  
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ox ides   such  as ZrO2, Y2O3, o r  BeO. I n  t h i s  case, t h e  
b r a z e  w i l l  b e  s t a b l e  u n t i l  a l l  of t h e  getter-metal h a s  
r e a c t e d  . 
The c o n d i t i o n s  f o r  t h e  e l e v a t e d  t e m p e r a t u r e  s t a b i l i t y  
i n  vacuum  must  be considered independen t ly .  Under SOXe 
t es t  condi t ions  gaseous  oxygen and  n i t rogen  w i l l  be 
p r e s e n t  o n  t h e  s i d e  o f  t h e  b r a z e  e x p o s e d  t c  vacuum. 
I t  i s  impor t an t  t o  c h o o s e  b r a z i n g  a l l o y s  w h i c h  e x h i b i t  
a l o w  d i f f u s i o n  r a t e  w i t h  respect t o  oxygen  and  which 
h a v e  b u i l t - i n  get ters  t o  absorb the  oxygen and  n i t rogen .  
Some a l l o y s  d o  n o t  t i e  up  the  oxygen  un le s s  t hey  have 
t e e n  a n n e a l e d  a t  h i g h  t e m p e r a t u r e s  a s  i s  done  in  t .he  
pos t -weld   annea l ing   of  columbium-1% zirconium. 
The i d e a l  m e c h a n i c a l  c o n d i t i c j n  f o r  a cer~~ic-to-metal 
b r a z e d  j o i n t  i s  t h a t  it be d u c t i l e ,  w i t h  adequa te  
s t r e n g t h  t o  res is t  stresses imposed  on it. Ceramics 
a re  b r i t t l e ;  t h e r e f o r e ,  a h a r d  b r i t t l e  phase ( e .g . ,  ar'; 
i n t e r m e t a l l i c )   n e x t   t o   t h e  ceramic i s  u n d e s i r a b l e .  An 
ideal  s i t u a t i o n  i s  f o r  any  ha rd  phase  in  t h e  b r a z e  t o  
be of s m a l l  c r y s t a l  s i z e  and  t o  be  surrounded  by a 
d u c t i l e   m a t r i x   p h a s e .  A l a m i n a r   p h a s e   s e p a r a t i o n ' s y s -  
t e m  should  be  avoided .  
D i f f e r e n t  ceramic s u b s t r a t e s  can i n t r o d u c e  d i f f e r e n t  
p h a s e   d i s t r i b u t i o n s .   I n   t h e  case of t h e  75Zr-19Cb-6Be 
b r a z i n g  a l l o y ,  a s o l i d  s o l u t i o n  was noted  immediately 
a d j a c e n t  t o  t h e  b e r y l l i a  s u b s t r a t e ,  b u t  i n  t h e  case o f  
a n  a l u m i n a  s u b s t r a t e ,  a harder   a luminum-containing so l id  
s o l u t i o n   p h a s e  w a s  no ted .  TIT former  case i s  i l l u s t r a t e d  
.in f i g u r e  1 1 - 2 0 .  Fhase cilan~;ci, ma:y be cxpezted t o  occEr 
i n   b r a z i n g   a l l o y s   m a i n t a i n e d  a:. 1600O F and above. The 
p r e c i p i t a t i o n  o r  gZGWeh of bar?; norl-ducti le phases ic- 
u n d e s i r a b l e  i f  m e c h a n i c a l  joint i n t e g r i t y  i s  t o  be  main- 
t a i n e d .  
One o f  t h e  c o n s i d e r a t i o n s  i n  t h e  s e l e c t i o n  o f  b r a z i n g  
a l l o y s  i s  t h e   m e l t i n g   t e m p e r a t u r e .  Phase diagrams f o r  
many b i n a r y  metal s y s t e m s  o f  i n t e r e s t  o n  t h i s  p r o g r a m  
are a v a i l a b l e .  The lowest t e m p e r a t u r e   i n   e a c h   l i s t e d  
system i s  shown i n  t a b l e  11-2. 
S i n c e  p r o m i s i n g  c a n d i d a t e  b r a z i r , g  a l l o y s  h a v i n g  m e l t i n g  
t empera tu res  below 2600O F were a v a i l a b l e ,  b i n a r y  sys-  
tems w i t h  m e l t i n g  t e m p e r a t u r e s  h i g h e r  t h a n  t h i s  r e c e i v e d  
l imi t ed  a t t e n t i o n  as b r a z i n g   a l l o y s  by themselves .  ( A l l o y s  
having - 2 S O O O  F b r a z i n g  t e m p e r a t u r e s  were expec ted  t o  
p r o v i d e  c a n d i d a t e s  w i t h  a d e q u a t e  s t r e n g t h  and c o r r o s i o n  
r e s i s t a n c e  a t  1600O F and still avoid  warpage  of  the  
f u t u r e   r e l a t i v e l y   l a r g e - d i a m e t e r ,   t h i n - w a l l  ceramic 
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TABLE 11-2.  Phase Rela t ions  in  Selected Binary System of 
In t e re s t  fo r  Braz ing  A l l o y s  
1 t. 
SOlUtc! 
p e r c e n t  1 
( w e i g h t  
5 
~ 
35 
8 
6 
3 0  
- 
T 
6 
1 3  
c o m p o s i t i o n  
P h a s e  
~~ 
CbBe12-De 
Ti 
Cb"0 
Ch-Th 
Cb-V 
Cb-W 
Cb-1' 
Cb- 2 r 
.. . . 
' ~ ' i -h .~ ' i ' i  
T i  - f l u  
T11-l'i 
Ti-V 
'1' i - Y 
I - ?  1 
Ti-Zr 
Z r - L r D c , 2  
x r- z rr'02 
;:r-Tll 
::r-ZrVZ 
Z r - Z r W  2 
% T - Y  
L' -\%e? 
\"Yo ? 
v- r l l  
T J - L \ '  
!:-Y 
Y-YBclj 
Y - I ! €  
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c y l i n d e r . )   T h o s e   b i n a r i e s   w i t h   m e l t i n g   t e m p e r a t u r e s  lower 
than  2500'  F are Cb-Be, T i - B e ,  Ti-Th, Ti -Y,  Z r - B e ,  Z r - V ,  
Z r - Y ,  and Y-Be. Most of t h e s e  can be r e j e c t e d  011 t h e  
b a s i s  o f  o b j e c t i o n a b l e  properties r e p o r t e d  i n  t h i s  s e c t i o n .  
Ch-Be fo rms   t he  Cb-Bel2  compound  on s o l i d i f i c a t i o n .  T h i s  
i n t e r m e t a l l i c  compound w a s  n o t e d  p r e v i o u s l y  as b e i n g  rcla- 
tively u n s t a b l e .  I t  p r o b a b l y   w o u l d   n o t   b e   r e a c t i v e  enough 
t o  bond t o  the ceramic. 
T i - H e  and Z r - B e :  
'l'i-Th, T i - Y ,  Z r - Y :  
Z r - V :  
Y-Be: 
The b i n a r i e s  a r e  p r o b a b l y  
too r e a c t i v e  w i t h  t h e  ceranic ,  
t h e i r  i n t e m e t a l l i c  compounds 
are r e l a t i v e l y  u n s t a b l e ,  and 
the brazement  would probably 
have lower c rccp  and  y i e l d  
s t r e n g t h  t h a n  t e r n a r i e s  of 
i n t e r e s t .  
T h e s e  b i n a r i e s  are p robab ly  
h i g h l y  r e a c t i v e .  
I n t e r m e t a l l i c  compounds p r e s -  
e n t  are r e l a t i v e l y  u n s t a b l e ,  
b u t  t h e  b i n a r y  i s  a p o s s i b l e  
c a n d i d a t e .  
T h i s  is  c o n s i d e r e d  t o  be a 
p romis ing  b ina ry  cand ida te .  
Several b i n a r i e s  t h a t  are p a r t i a l l y  l i q u i d  i n  t h e  2550'  F 
r.-;?nge may a l so  b e   p o s s i b l e  c a ~ 2 . i  elates. O f  t h e s e ,  Ch-Y 
a rpea red  t o  be t h e  most prornisirig. 
Althoclgh none of t h e  binary all . i!ys appeared t o  have 
p r o p e r t i e s  a s  d e s i r a b l e  a s  t h e  tested t e r n a r y  a l l o y s ,  
t l leir  p h a s e  d i a g r a m s  a n d  c h a r a c t e r i s t i c s  a r e  of i n t e r e s t  
3.5 a n  a i d  i n  e s t i m a t i n g  t h e  p r c p e r t i e s  of u n t e s t e d  
t e r n a r i e s .  The t e r n a r y   p h a s e   d i a g r a m s   w i t h   t h e   d e s i r a b l e  
combinat ion of e l emen t s  are not  comple te  enough t o  pre- 
d i c t  e x a c t   b e h a v i o r .  When combined  with a f o u r t h   e l e m e n t  
( c  -9. , w i t h  p a r t i a l  d i s s o l u t i o n  of t h e  metal member d u r i n g  
hrazir?g)  t h e   e v a l u a t i o n  i s  even more complex.  However, 
tlie approximate  behavior  of new t e r n a r y  alloys car!  be 
e s t i m a t e d  f r o m  t h e  a v a i l a b l e  d a t a  a n d  t h e  a p p r o p r i a t e  
b i n a r y  diagrams.  
Appreciable lowering of t h e  m e l t i n g  poil;t czx;!:;t. he 
~ x p e c t e d  by combining  binary  composi t ions  shoxl .ng com- 
plete s o l i d   s o l u t i o n .  However,  by  combining an e u t e c t i c  
:\:lth a s o l i d  s c l u t i o n  series o r  w i t h  a n o t h e r  eutectic, a 
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f u r t h e r  l o w e r i n g  o f  t h e  m e l t i n g  p o i n t  may b e  e x p e c t e d  t o  
occur .  
B a s e d  o n  c o r r o s i o n  r e s i s t a n c e ,  vacuum i n t e g r i t y ,  a n d  
s t r e n g t h ,  t h e  f o l l o w i n g  a l l o y s  were c o n s i d e r e d  t o  be  
the  p r ime  cand ida te s  f rom the  p rev ious  p rogram:  
75Zr-19Cb-6Be - w i t h  A1203 o r  B e 0  
48Zr-48Ti-4Be - w i t h  A1203 o r  B e 0  
56Zr-28V-16Ti - w i t h  B e 0  
O t h e r  b r a z i n g  a l l o y s  were s e l e c t e d  f r o m  t h o s e  (see table 
11-31 e v a l u a t e d   o n   t h e   p r e v i o u s   p r o g r a m 9 .   T h e   a l l o y s  
marked i n  t a b l e  11-3 were c h o s e n  f o r  f u r t h e r  c o n s i d e r a -  
t i o n .  
I n  a d d i t i o n  t o  t h e s e  a l l o y s ,  t h e  f o l l o w i n g  new b r a z i n g  
a l l o y s  were s e l e c t e d  f o r  e v a l u a t i o n :  
A l loy  Mel t ing  Tempera ture  
Y-6Cb 2680O F 
Y-6Be 1970O F 
Y - 4 6 Z r  2530O F 
The a c t i v e  metal b r a z e d  j o i n t  i n t e r f a c e  i s  t h e  f o c u s  
of a t t a c k  by p o t a s s i u m  i f  t h e r m o d y n a m i c a l l y  u n s t a b l e  
o x i d e s   a r e   p r e s e n t .   T h e r e f o r e ,  it i s  d e s i r a b l e  t o  have 
s y s t e m s  t h a t  r e s u l t  i n  t h e  m o s t  s t a b l e  o x i d e  r e a c t i o n  
products .   Oxides   o f   y t t r ium  and   z i rconium,   which  are 
e x p e c t e d  t o  f o r m  w h i l e  b r a z i n g  ceramic t o  m e t a l  w i t h  
t h e  a l l o y s  j u s t  l i s t e d ,  are  such   t he rmodynamica l ly   s t ab le  
o x i d e s   ( r e f .  11-11. 
During t h e  c o u r s e  of t h i s  p r o g r a m ,  t h e  p o t e n t i a l  b e n e f i -  
c i a l  e f f e c t s  of e v a p o r a t e d  m e t a l l i z i n g  l a y e r s  a n d  c h e m i c a l  
v a p o r  d e p o s i t i o n  of d i f f u s i o n  b a r r i e r  l a y e r s  became 
a p p a r e n t .   A c t i v e - m e t a l   a l l o y   b r a z i n g  tests and  evalua-  
t i o n  o f  t h e s e  p r o c e s s i n g  t e c h n i q u e s  a r e  d e s c r i b e d  i n  t h e  
f o l l o w i n g  s e c t i o n .  
2 .  Development   and  Test ing  of   Selected  Ceramic- to-Metal  
Se a1 ing   Sys tems " 
T h e  sys t ems  inc luded  among t h o s e  s e l e c t e d  f o r  e v a l u a t i o n  were 
changed  dur ing  the  program as new d a t a  were o b t a i n e d  a n d e v a l u a t e d .  
'Con t rac t  NAS3-4162 
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61'.N3Ll,: 11-3. Active Metal 13razirlg Al loys  Selc>cted  for  
Further Study V r o m  P r e v i o u s  Program ( a )  
(With Experimental  Brazing Temp<:r;jture:;) 
fo r  Cb-1Zr t o  99.8% B e 0  Bonding 
I 
I - 
Nominal Alloy - 
( w e i g h t  p e r c e n t )  
75Zr-19Cb-6Be 
68Ti-28V-4Be(e) 
IhZr-28V-16Ti(d)  
i ??' ! ' I  - 4 a Z r - 4 B e  ( d )  1 46Ti-46Zr-4Be-4V(e) 
I 50Zr-30V-20Cb ( e )  
6 5 v -  3 SCb 
70'1'i- ;3V 
hOZr-25V-lSCb (e )  
~ o z ~ - ~ G T ~ - ~ o v ( ~ )  
3SZr-30Ti-30V 
35T1-35V-30Zr (~ j  
S Q T i -  3OZr-20V 
si'Tl-3OV-3Si I 
B r a z i n g  S( 
1805  
1832 
2102 
1742 
1652 
2102 
- 
- 
2192 
2282 
2282 
2192 
ld " temp. ( C  
("C) 
9 8 5  
1000  
1 1 5 0  
950 
900 
1 1 5 0  
- 
- 
1 2 0 0  
1250  
- 
1250  
- 
12Cb 
- . - . - .- - 
;I I 
I 
! 
I 
e d u l e  (b '  
""" 
a r a z i n g  t 
(OF) 
1 9 8 5  
2372 
2352 
2 0 3 0  
1832 
2516 
3398 
3002 
2436 
2732 
2 3 3 6  
2804 
2597 
;.I32 
t 
i 
I p e r a t u r e  
( " C )  
1 0 8 5  
1 3 0 0  
1300 
lllC 
1 0 0 0  
1 3 8 0  
1 8 7 0  
1650  
1330  
1500  
1 2 8 0  
1540  
1425  
1 3 6 0  
;;;) R e v i s e d   J a n u a r y   1 3 6 6  t o  t h e   c u r r e n t   s c h e d u l e s .  
A c t u a l   b r a z i n c ;   t e m p e r a t u r e s  reported i n  t e x t  may 
d i f f e r .   ( S e e  table 11-4 . )  
f , $ . ,  -  , ~ ~ . . z t i v e  metal b r a z i n g  i s  d o n e  by r a i s i n g  the vacuum 
f u r n a c e  t e m p e r a t u r e  g r a d u a l l y  t o  t h e  t e m p e r a t u r e  
shown i n  t h e  l e f t  c o l u m n   f o r  a s p e c i f i c  a l l o  . The  
p r e s s u r e  i n  t h e  f u r n a c e  i s  m a i n t a i n e r !  at 19-5 to r r  
or less  d u r i n g   t h e   c y c l e .  This t e m p e r a t : l l e  i s  h e l d  
;or t e n   m i n u t e s ,   t h e r .  raised rapid1.y t o  ihe b r a z i n ?  
?c ,mpera ture  shown.  The  power i s  t u r n e d  o f f  a f t e r  
t - ivc  m i n u t e s  a t  t h e  b r a z i n g  t e m p e r a t u r e .  
( , > . I  ~ l l o y s  c o n s i d e r e d  t o  be prime c a n d i d a t e s   f o r  iong 
t e lm  a p p l i c a t i o n s .  
! ~ j  /.;ioys selected f o r   f u r t h e r   e v a l u a t i o n .  
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P r e s e n t a t i o n  o f  t h e  d e v e l o p m e n t  e f fo r t  i n  a c h r o n o l o g i c a l  
o r d e r  was c o n s i d e r e d  t o  be less i n f o r m a t i v e  t h a n  t h a t  p r e -  
s e n t e d  o n  a system- basis ;  t h e r e f o r e ,  t h e  d i s c u s s i o n  i n  t h i s  
s e c t i o n  is o u t l i n e d   o n  a sys tem basis. However, t o  update 
t h e  reader on  the  deve lopmen t  program, a b r i e f  h i s t o r i c a l  
summary w i l l  .be p r e s e n t e d  f i r s t .  
The  systems l isted i n  S e c t i o n  1 I . C . l . b .  were selected f o r  
e v a l u a t i o n  o n  t h e  basis  o f  tes t  r e s u l t s  o b t a i n e d  o n  t h e  p r e -  
v i o u s  bore seal p r o g r a m “   ( r e f .  11-11. Ceramic-to-metal 
j o i n i n g  tests were conducted  wi th  a number  o f  t he  b raz ing  
a l l o y s  l is ted i n  t ab le  11-3.  Columbium-1% z i rconium w a s  
selected as  t h e  metal member. Thenna lox   998”   be ry l l i a  
(99.8% B e 0 1  , Ei-3W” a lumina  (99.7%  Al203) ,   Lucalox13  (99.8% 
A l 2 0 3 )  r and  sapph i re14  (-100% Al2Q3) were tested i n  a l k a l i  
metals s i n g l y   a n d   a f t e r   b r a z i n g  t o  metals. Bery l l i a   emerged  
as t h e  b e s t  ceramic c a n d i d a t e  ava i lab le  i n  t h e  s i z e s  r e q u i r e d  
f o r  p o t e n t i a l  b o r e  sea ls .  
O n  t h i s  p r o g r a m ,  wire and  sheet   form of b r a z i n g  a l l o y s  were 
p r o c e s s e d  a n d  t e s t e d ,  b u t  t h e s e  new forms were n o t  a d o p t e d  
and were n o t  d e t e r m i n i n g  f a c t o r s  i n  t h e  f i n a l  b r a z i n g  a l l o y  
s e l ec t ion .  A d d i t i o n a l   b r a z i n g  tes ts  vere made o n   t h e   f o l l o w i n g  
systems  which  emerged a s  candida tes   f rom  the   500-hour ,  1 6 0 0 ’  F 
potassium exposure  tes t .  E i - 3  alumina  (48Ti-48Zr-4Be) C b - 1 Z r ;  
:3eO (56Ti-28V-16Zr)  Cb-1Zr;  and Ei3W alumina  (75Zr-19Cb-6Be) 
Cb-1Zr. Also a s  a r e s u l t  of w e t t i n g   l a y e r  t e s t s ,  60Zr-25V-15Cb 
emerged a s  a s t r o n g  c a n d i d a t e  when b razed  t o  C b - 1 Z r  and 
Thermalox  998 b e r y l l i a  t h a t  h a d  b e e n  coated w i t h  a w e t t i n g  
l a y e r  of e v a p o r a t e d  molybdenum. 
J ,ow-si l ica  Thermalox 998 and yt t r ium oxide were o b t a i n e d  as  
a1 . te rna te  ceramics. A f t e r   t h e   f i r s t   p o t a s s i u m   e x p o s u r e  t es t  
o n  t h i s   p rog ram,   t he   l ow-s i l i ca   The rma lox   998   (99 .8% B e O )  
emerged as  t h e  l e a d i n g  ceramic c a n d i d a t e .  
I C  C o n t r a c t  IIAS3-4162 
”Trade  name f o r  the  99 .8% B e 0  p r o d u c t  of the  Brush  Bery l l i um 
Company, C l m o r e  , Ohio 
”Trade  name f o r  h i g h - p u r i t y  a l u m i n a  ( 9 9 . 7 8  A12031 p r o d u c t  o f  t h e  
Mestern Gold and  Plat inum C o . ,  B c l m o n t ,  C a l i f o r n i a .  
Trade name f o r  t h e  9 9 . 8 %  A1203 p r o d u c t  o f  t h e  G e n e r a l  E lec t r ic  
Company, Lamp D i v i s i o n ,  Cleveland,  Ohio. 
Union Carb ide  Corpora t ion .  
1 3  
i ‘ S i n g l e  c r y s t a l  - 1 0 0 %  A 1 2 0 3  obtained f r o m  t h e  L i n d e  D i v i s i o n ,  
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FirLally,  the  molybdenum-metall ized  low-sil ica  Thermalox 9 9 8  
brazed  t o  C b - 1 Z r  w i t h  60Zr-25V-15Cb emerged as  t h e  p o t e n t i a l l y  
best  combinat ion,   fol lowed  by low-silica Thermalox  998  brazed 
w i t h   t h e   a l l o y  56Ti-28V-16Zr.   Four-inch  model  bore  seals 
were cons t ruc t ed   f rom  the  f i r s t  combina t ion   (Sec t ion   I I .C .8 ) .  
Both combinat ions were used t o  cons t ruc t  two- inch  diameter 
model bore s e a l s  f o r  e l e v a t e d  t e m p e r a t u r e  vacuum i n t e g r i t y  
and  thermal   shock t es t s ,  ( S e c t i o n  I I . C . 7 )  and   fo r   ex t ended  
potassium exposure t e s t s .  
In t h i s  s e c t i o n ,  t h e  d e v e l o p m e n t  a n d  a n a l y s i s  o f  t h e  p r i n -  
c i p a l  selected systems w i l l  be d i s c u s s e d .  
48Ti-48Zr-4Be - w i t h  Ei-3W alumina 
75Zr-19Cb-6Be - w i t h  Ei-3W alumina 
5 G T i - 2 8 V - 1 6 Z r  - with  low-s i l ica  Thermalox  9 9 8  
60Zr-25V-15Cb - wi th  low-s i l i ca  The rma lox  998 
3evelopment work w i t h  o t h e r  c o m b i n a t i o n s  w i l l  follow. 
a .  METHODS O F  TESTING 
(1) Modulus-of -Rupture   (F lexura l )   S t rength  and 
Tab Peel S t r e n g t h  
Various  methods were u t i l i z e d  i n  t h e  e v a l u a t i o n  of 
spec imens   in   sea l   deve lopment .  The p r i n c i p a l  basis 
fo r  mechan ica l .  eva lua t ion  of ceramics  w a s  t h e  modu- 
l u s - o f - r u p t u r e   ( f l e x u r a l )   s t r e n g t h   u s i n g   0 . 1 - i n c h  
squa re  by 1.1- inch 1.onq modulus-of-rupture  bars i n  
a f o u r - p o i n t  loading. '%'he p r i n c i p a l   m e c h a n i c a l  rneatlc 
of e v a l u a t i n g  j o i n i n g  sys t ems  were by measurinq 
f l e x u r a l  s t r e n g t h  m d  c n h - p e e l  s t r e n g t h  of modu1:ls- 
o f - rup tu re  and  t ab -pee l  (TP j assemblies, r e s p e c t i v t : i y .  
The modulus-of - rupture  assembly  cons is ted  of  t w o  
ceramic modulus-of-rupture  bars  which had been brazetl 
end-to-end with a shim of  10-mil- thick Cb-1Zr a l l o y  
between t h e  ceramics. The tab-peel  assembly  con- 
s i s t e d  of a 5-mil-thick  by  0.1-inch-wide  by  1.5-inch- 
l o n g  s t r i p  o f  C b - 1 Z r  a l l o y  b r a z e d  t o  t h e  s i d e  of a 
ceranic modulus-of-rupture  ba r .  Detai ls  o f   t h e  t e s b s  
ar,d a s sembl i e s  were d e s c r i b e d  i n  an earlier Bore 51::::;. 
Report: ( r e f .  11-1) , b u t  t h e  a s s e m b l i e s  a r e  showz f;.: 1- 
c o n v e n i e n c e  i n  f i g u r e  11-16.  
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TAB  PEEL  ASSEMBLY 
0.0iO" Thlok Cb-1Zr Member 
I 
1 d 
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( 2 )  Vacuum I n t e g r i t y  Test 
Vacuum t i g h t n e s s  i s  as impor t an t  a s  the s t r e n g t h  
i n  a bore seal. . Many brazements  were found t o  
r e t a i n  f u l l  s t r e n g t h  e v e n  t h o u g h  t h e y  were n o t  
vacuum t i g h t .  A sandwich type vacuum t i g h t n e s s  
( V T )  a s sembly   cons i s t ed  of a 0.5-inch-diameter 
d i s k  o f  C b - 1 Z r  a l l o y  1 0 - m i l  th ick  brazed  be tween 
t w o  ceramic washers.  Thermalox 9 9 8  washers  were 
0 .4 - inch  ou t s ide  diameter by  0 .3- inch  ins ide  dim- 
eter  by 0 .1 - inch   t h i ck .   Luca lox ’5   washe r s  were 
0 .375- inch  outs ide  diameter by 0 .285- inch  in s ide  
diameter   by 0.1-inch t h i c k .  Two of e i t h e r  type  
assembly were b razed  wi th  nea r ly  eve ry  g roup  of 
b razed   modu lus -o f - rup tux  bars. Each  assembly 
p r o v i d e d  f o r  t w o  vacuum t i g h t n e s s  t e s t s .  
(3 )   Braz ing  Tests 
S t a n d a r d  b r a z i n g  c o n d i t i o n s  were re t a ined  f rom 
previous  work,  and were i n i t i a l l y  u s e d  f o r  v a r i -  
o u s   a l l o y s .  Many tests were conducted   wi th  modu- 
l u s - o f - r u p t u r e ,  t a b  peel,  and  vacuum t i g h t  a s s e m b l i e s  
t o  determine whether  opt imum t ime-temperature  con-  
d i t i o n s  were be ing  u s e d .  A s  a r e s u l t  of t h e s e  t e s t s ,  
a d j u s t m e n t s  i n  t h e  s t a n d a r d  c o n d i t i o n s  were made, 
a n d ,  i n  some cases, it w a s  found  tha t   good seals 
could  be made under  a wide r ange  o f  b raz ing  cond i -  
t i o n s .   T a b l e  11-4 describes t h e   v a r i o u s   b r a z i n g  
a l loys  and  cond i t ions  used  on  th i s  p rogram.  
Analyses  of  t h e  m i c r o s t r u c t u r e s  of b r a z i n g  combi9a- 
t i o n s  were carried o u t  on s e c t i o n s  of s e l e c t e d  
vacuum-t ight   spec imens .   E lec t ron   microprobe  analy- 
ses were performed by a c o n t r a c t  s o u r c e ” .  
( 5 )  A l k a l i  Metal and Vacuum Exposure a t  E l e v a t e d  
Temperature 
F i n a l  e v a l u a t i o n  o f  d i f f e r e n t  s e a l i n g  systems was 
performed by d e t e r m i n i n g  t h e  e f f e c t s  o f  a l k a l i  nleta3 
e x p o s u r e ,  b a s e d  o n  t h e  p r e v i o u s l y  l i s t e d  tests.  
Exper imenta l  de ta i l s  o f  t he  exposure  tes ts  a re  
g i v e n  i n  S e c t i o n  II.C.6. 
-. . -  
I ‘Trade name for t h e  39 .8% A1203 p r o d u c t  o f  t h e  General. Elec t r ic  
I “: la ter ia ls  Ana1ysi .s  Company, Palo Alto, C a l i f o r n i a .  
Conpzny, Lamp Div is ion ,   Cleve land ,   Ohio .  
3s 
TABLE 1 1 - 4 .  Braz ing  Alloy Ceramics a n d   C o n d i t i o n s   I n v e s t i -  
g a t e d  on t h i s  Program  (The metal m e m b e r  i n  a l l  
cases was C b - 1 Z r )  
56'I'i -2BV- 16Ti 
'L-46Zr 
- 
Temp, 
(OF) 
2 372 
2 376 
2376 
2 2 7 3  
-
1'185 
1 9 8 5  
! 0 3 0  
.940 
1340 
! 5 5 2  
5 5 2  
5 5 2  
552 
552 
3 72 
832  
3 2 8  
5 1 5  
804 
732 
-" 
( m i n )  
T i m e  
5 
0 
0 
0 
5 
5 
5 
0. 
0 
5 
5 
5 
5 
5 
5 
5 
5 
5 
1 
1 0  
'rem 
( OF - 
2 3 7  
237 
227 
. 9 4 (  
.94(  
4 3 6  
732 
~ .~ . 
nraz ing  C o n d i t i o n s  -
Time 
( m i n )  
5 
5 
5 
5 
5 
5 
1 0  
Temp. 
(OF) 
2 3 7 6  
2 3 7 6  
2 4 5 3  
1 9 4 0  
1 9 4 0  
2 5 2 6  
- 
T i n e  
( m i n )  
30  
3 0  
5 
30 
30 
5 
Temp. 
(OF) 
2 4 3 6  
2 4 3 6  
2 1 2 0  
2120 
2 6 1 6  
(c) A 1 2 0 3  w.1s AD99 (998 A 1 2 0 3 )   P r o d u c t  of Coors P o r c e l a i n  Co., G o l d e n ,   C o l o r a d o .  
-~ 
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b . MATE RIALS 
A n a l y s e s  o f  t h e  v a r i o u s  l o t s  of b e r y l l i a  ceramics, m e t a l s ,  
a n d  b r a z i n g  a l l o y s  u s e d  o n  t h i s  p r o g r a m  are l i s t e d  i n  
Appendix B . 
Ceramics were inspected and dye checked for  p o r o s i t y  
and  cracks  (Appendix A ,  "-1). Acceptable  ceramics 
were t h e n  c l e a n e d ,  c l e a n  f i r e d ,  a n d  s t o r e d  i n  s e a l e d  
p o l y e t h y l e n e  b a g s  u n t i l  u s e d .  
The columbium-18  zirconium metal members were c l e a n e d  
(Appendix A ,  MP-2) j u s t   b e f o r e   a s s e m b l y .   B r a z i n g   a l l o y s  
were o b t a i n e d  i n  s e v e r a l  forms b u t  most o f  t h e  work was 
done  with  the  powder  form. A l l o y s  f o r  b r a z i n g  were 
melted  and  comminuted o r  rol led by a c o n t r a c t  s o u r c e ' " .  
T h e  a l l o y s  t o  be reduced t o  powder were t u r n e d  on a 
l a t h e  i n t o  s m a l l  c h i p s  a n d  t h e  c h i p s  t h e n  r e d u c e d  t o  
powder i n  a diamond mortar. Throughout   he  turning  and 
p u l v e r i z i n g  o p e r a t i o n  p r e c a u t i o n s  w e r e  t aken  t o  i n s u r e  
t h e  p u r i t y  o f  t h e  p o w d e r .  
B r a z i n g  a l l o y  f o i l s  were p repa red  a t  t h e  c o n t . r a c t  s o u r c e "  
by c o n v e n t i o n a l  p a c k  r o l l i n g  t e c h n i q u e s  a t  e l e v a t e d  t e m -  
p e r a t u r e s  a n d  f i n a l  room t e m p e r a t u r e  r o l l i n g  t o  s i z e .  
Two o f  t h e s e  m a t e r i a l s  were e n  h a n d  i n  t h e  form of  mel ted  
but tons   ( the   method of m e l t i n g  i s  d e s c r i b e d  l a t e r j ;  t h e  
t h i r d  a l l o y  w a s  p r e p a r e d  i n  t h e  form of a 50-gram b u t t o n  
from v i r g i n  material. The b u t t o n s  were machined ,   p laced  
i n  p i c t u r e  f r a m e - t y p e  m i l d  s teel  p a c k s ,  p a i n t e d  w i t h  
chrome  oxide t o  prevent  reac t ions  be tween pack  and  core ,  
and  sea led  by electron-beam x r i d i n g  t o  in su re  r emova l  
o f   t h e   b u l k  of t h e   n i t r o g e n  and  c3xygen. During  the 
i n i t i a l  r o l l i n g  s e q u e n c e ,  whir.f: was accomplished a t  
1 4 7 2 O  F (800° C ) ,  it was n o t e d  t h a t  when the  pack  con-  
t a i n i n g  t h e  40Zr-30Ti-30V a l l o y  w a s  reduced 66 p e r c e n t  
( and  the  co re  r educed  58 p e r c e n t )  t h e  p a c k  r u p t u r e d .  
The i n i t i a l  r o l l i n g  of t h e  p a c k ,  c o n t a i n i n g  t h e  51)Ti- 
3 0 Z r - 2 0 V  a l l o y ,  r u p t u r e d  a f t e r  i t  was reduced 8 7  p e r c e n t  
( a n d  t h e  b r a z i n g  a l l o y  core w a s  r educed  83  pe rcen t ) .  
A n  examinat ion  of  the  cores a t  t h i s  s t a g e  o f  f a b r i c a t i o n  
r e v e a l e d  some edge  c racks  and  the  r ema ins  o f  a s o l i d i f i -  
c a t i o n   p i p e   i n   t h e  40Zr-30Ti-30V a l l o y .  The  5OTi-3OZr-20'~' 
core appeared t o  b e  i n  e x c e l l e n t  c o n d i t i o n .  
"Battelle Memorial I n s t i t u t e ,  Columbus, Ohio. 
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P-fter t r imming  the  edges  o f  t he  cores t o  remove a l l  evi- 
d e n c e  o f  c r a c k i n g  a n d  t o  o b t a i n  r e g u l a r  s h a p e s ,  t h e  c o r e s  
were p l a c e d  i n t o  new packs  as b e f o r e  b u t  w i t h  c o v e r  p l a t e s  
0 .130-inch  thick.   The 4 0  w e i g h t   p e r c e n t   z i r c o n i u m   a l l o y  
pack w a s  then  reduced  t o  0 .55- inch  wi th  an  average core 
thickness   of   0 .030-inch.   The 50 w e i g h t   p e r c e n t   t i t a n i u m  
a l l o y  p a c k  w a s  r o l l e d  t o  0 .035- inch  wi th  an  average  core  
th i ckness   o f   0 .007- inch .   These   b raz ing   a l loy  cores were 
v a p o r  b l a s t e d ,  b e l t  s a n d e d ,  a n d  t h e n  c o l d - r o l l e d  on a 
four -h igh  m i l l  t o  0 . 0 0 2 - i n c h   f o i l .   R o l l i n g  w a s  t e r m i n a t e d  
a t  t h i s  p o i n t  as n o  f u r t h e r  r e d u c t i o n  i n  t h i c k n e s s  w a s  
n o t e d   a f t e r   r e p e a t e d   p a s s e s   t h r o u g h   t h e   r o l l s .   F u r t h e r  
r e d u c t i o n  of t h e  material m i g h t  b e  p o s s i b l e  by  vacuum 
a n n e a l i n g   a n d   p a c k   r o l l i n g .  ( I t  s h o u l d   b e   n o t e d   t h a t  
t h e r e  i s  n o  a s s u r a n c e  t h a t  t h i s  w o u l d  n o t  y i e l d  w r i n k l e d  
a n d  t o r n  material of little v a l u e . )  
The a l l o y  c o n t a i n i n g  56 w e i g h t  p e r c e n t  z i r c o n i u m ,  28 
weight  percent  vanadium,  and  1 6  w e i g h t  p e r c e n t  t i t a n i u m  
w a s  p repa red  i n  much t h e  same manner as the  a fo remen t ioned  
m a t e r i a l s .  A 50-gram b u t t o n   o f   t h e   a l l o y  w a s  p r e p a r e d  
f rom  v i rg in   me l t ing   s tock .   Me l t ing  was accomplished by 
t h e  incr t -gas  nonconsumable  a rc-mel t ing  technique  a t  4 0 0  
amperes  for  3 0  s econds  pe r  m e l t  u t i l i z i n g  a wa te r  coo led  
t u n g s t e n - t i p p e d   e l e c t r o d e .   A f t e r   m e l t i n g   s i x  times, t h e  
but ton  weighed 4 9 . 9 0  g rams .   Th i s   r ep resen t s  a loss of  
0 . 2  p e r c e n t   d u r i n g   m e l t i n g .  The t u n g s t e n  t i p  e x h i b i t e d  
a w e i g h t  g a i n  of 0 . 0 2  grams as  a r e s u l t  of t h e s e  m e l t i n g s .  
E x p e r i e n c e  i n d i c a t e s  t h a t  t h e r e  was little or  no  contamina-  
t i o n  d u e  t o  t u n g s t e n  i n  t h e  b u t t o n  a n d  a n  a l l o y  of t h e  
same composi t ion  as t h e  c h a r g e  t o  t h e  f u r n a c e  r e s u l t e d  
u n d e r   t h e s e   c o n d i t i o n s .   A f t e r   m e l t i n g   t h e   b u t t o n  w a s  
c l eaned  on a s h a p e r ,   p u t   i n  a pack ,   and   ro l l ed .   Pack  
r o l l i n g  w a s  accomplished a t  1650O F w i t h  r e d u c t i o n s  o f  
1 0  p e r c e n t   p e r  pass .  When t h e  b r a z i n g  a l l o y  c o r e  was 
removed  from  the  pack it was approximate ly  0 .01s- inch  
t h i c k .  The c o r e  w a s  v a p o r   b l a s t e d ,   b e l t   s a n d e d ,   a n d  
c o l d  r o l l e d  t o  0 . 0 0 2 - i n c h - t h i c k  f o i l .  
c. TEST  SPECIMEN FABRICATION 
( 1) Components 
Ceramic p a r t s  were o b t a i n e d  i n  a form ready  t o  u s e  
a f t e r   c l e a n i n g .  T h e   o n l y   a d d i t i o n a l   p r e p a r a t i o n  
i n v o l v e d  t h o s e  s p e c i m e n s  t h a t  w e r e  m e t a l l i z e d  b e f o r e  
b r a z i n g .  The e v a p o r a t e d  molybdenum  method w a s  t h e  
one u s e d   i n   t h e   s e l e c t e d   s y s t e m s .  A d e t a i l e d  
m e t a l l i z i n g  p r o c e d u r e  a n d  t h e  a p p a r a t u s  are des- 
c r i b e d  i n  A p p e n d i x  A, MP-1. 
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Metal p a r t s  f o r  modulus-of - rupture ,  t ab  pee l ,  and  
vacuum l e a k  t i g h t n e s s  s p e c i m e n s  were punched  from 
annea led  Cb-1Zr shee t  s tock;  then  c lcancr l l  before 
f a b r i c a t i o n .  
( 2 )  Specimen  Assentbly 
Specimens were a s s e m b l e d  i n t o  g r a p h i t e  j i g s  i n  
l amina r  air-flow hoods.  The b r a z i n g   a l l o y  pcJwder 
w a s  p r e p a r e d  f o r  u s e  by mixing a s m a l l  q u a n t i t y  
wi th  enough methacry la te  t o  comple te ly  w e t  t h e  
powder ,   leaving some excess .   Chemica l ly   pure  
ace tone  was u s e d  t o  t h i n  t h e  p a s t e .  The b r a z i n g  
p a s t e  was p l a c e d  o n  t h e  ceramic area t o  be b razed  
w i t h  a small s p a t u l a   a n d  allowed t o  dry.   The 
amount  appl ied was controlled s t r i c t l y  by t h e  
experience  and  judgement of t h e  i n d i v i d u a l  a p p l y -  
i n g  it. Th i s  w a s  one   o f   t he  most u n s a t i s f a c t o r y  
s t e p s  i n  t h e  p r o c e s s  a n d  was one of  the t w o  p r i n -  
c i p a l  r e a s o n s  f o r  a t t e m p t i n g  t o  o b t a i n  b r a z i n g  i n  
f o i l  o r  wire form. When b r a z i n g   w i t h   f o i l ,   t h e  
p rope r  s i z e  f o i l  s h a p e  w a s  punched  from  the f o i l ,  
c leaned ,   and   p laced  a t  t h e   j o i n t .  A d rop   o f  
m e t h a c r y l a t e  w a s  used t o  p o s i t i o n  t h e  f o i l  o n  t h e  
ceramic . 
( 3 )  Brazing 
B e c a u s e  o f  t h e  u s e  o f  r e f r a c t o r y  metal p a r t s  a n d  
b r a z i n g  a l l o y s ,  o n l y  vacuum b r a z i n g  w a s  u t i l i z e d .  
The system  and  procedure were p r e v i o u s l y  ( r e f .  11-1) 
d e s c r i b e d  but are out l ined.  below.  
The f u r n a c e  c o n s i s t e d  of an induct . ion-heated can 
assembly  mounted i n  a vacczrn b e l l  j a r  ( f i g u r e  1 1 - 1 7 ) .  
The c y l i n d r i c a i  molybdenum c a n s  were approximate ly  
f i v e   i n c h e s   i n  diameter and f ive  i n c h e s   l o n g .   I n n e r  
molybdenum h e a t  s h i e l d s  a t  top  and  bot tom conta ined  
s e v e r a l   l a r g e   o p e n i n g s   f o r  vacuum  pumping.  The 
fu rnace  t empera tu re  was mon i to red  wi th  P t  - P t - l o % %  
thermocouples  located i n  t h e  c e n t e r  o f  t h e  c a n  
a s s e m b l y  a n d  l e d  i n  t h r o u g h  t h e  b o t t o m  c e n t e r  o f  
t h e   c a n   w i t h   s h i e l d e d   l e a d s .  The  can  assembly w a s  
hea t ed  by radio f r equency  induc t ion  th rough  t h e  
Vycor b e l l  j a r .  The  power supp ly  was manual ly  
c o n t r o l l e d  t h r o u g h  a magne t i c  ampl i f i e r  f rom 0 t o  
2 5  kW a t  30 MHz. The vacuum system w a s  capab le  
of ma in ta in ing  2 ~ 1 0 - ~  torr  with a r easonnb ly  
fast b r a z i n g  c y c l e  of one hour ( p l u s  cool i i lg  time). 
42 
43 
l i f t e r  a m o d i f i c a t i o n  p a r t  way t h r o u g h  t h e  p r o j e c t ,  
t h e  p r e s s u r e  c o u l d  be maintained below the 5x10-6 
torr l e v e l  e x c e p t  for t w o  p e r i o d s .  One w a s  when 
b a k i n g  o u t  t h e  m e t h a c r y l a t e  b i n d e r  a t  575O F. The 
o t h e r  was when a p p r o a c h i n g  t h e  b r a z i n g  t e m p e r a t u r e .  
P res su res  cou ld  approach  the  1x10-5  torr level 
depend ing  on  the  fu rnace  load  du r ing  these  t w o  
per iods .   The   spec imens  were g e n e r a l l y   c o o l e d  t o  
room t e m p e r a t u r e  i n  vacuum, a l t h o u g h  i n e r t  g a s  w a s  
i n t r o d u c e d  o c c a s i o n a l l y  t o  accelerate cool ing  be low 
400° F. 
3 .  
Decomposition and removal of t h e  m e t h a c r y l a t e  b i n d e r  
was  one of t h e  m a j o r  time c o n s u m i n g  f a c t o r s  i n  t h e  
b r a z i n g   s c h e d u l e .  From 1 / 2  h o u r   t o  2 hour s  were 
u s u a l l y   r e q u i r e d   i n   t h e  200’ t o  650° F range .  I f  
t h e  t e m p e r a t u r e  i n c r e a s e d  r a p i d l y  p o w d e r  w a s  ejected’ 
f rom  the   b raz ing   r eg ion .  A f t e r  t h e   m e t h a c r y l a t e  
b i n d e r  w a s  e l i m i n a t e d ,  t h e  t e m p e r a t u r e  c o u l d  be 
r a i s e d  q u i t e  r a p i d l y  w i t h o u t  d r i v i n g  t h e  p r e s s u r e  
above  2x10-5 torr, or  5x10-6 torr a f t e r  t h e  f u r n a c e  
w a s  modi f ied .  The b r a z i n g   c y c l e   i n c l u d e d  t w o  ho ld  
p e r i o d s .  One h o l d   p e r i o d  w a s  f o r  1 0  minutes  a t  a 
tempera ture  of  about  180°  F be low the  me l t ing  point 
of t h e  a l l o y  t o  permit a l l  p a r t s  t o  h e a t  u n i f o r m l y  
and  ou tgas ;  t ho  t empera tu re  was t h e n  r a i s e d  r a p i d l y  
t o  t h e  b r a z i n g  t e m p e r a t u r e  a n d  h e l d  f o r  f i v e  m i n u t e s  
b e f o r e  t u r n i n g  t h e  p o w e r  o f f .  
-.- ‘ T h e  M i c r o s t r u c t u r e   o f  Selected Ceramic- to-Metal   Seals  
a.  THE MICROSTRUCTURE OF THREE CERAMIC-TO-METAL SEAL 
SYSTEMS 
pin a n a l y s i s  o f  t h e  m i c r o s t r u c t u r e  was made  on samples  
3 2  vacuum t i g h t  B e 0  t o  Cb-1Zr assemblies f a b r i c a t e d  
w i t h   t h r e e   b r a z e   a l l o y s   ( 5 6 Z r - 2 8 V - l 6 T i ,  75Zr-19Cb-6Be, 
and  48Zr-48Ti-4Be).  These  systems  had  shown  promise 
a f t e r  500-hour, 1600O F exposure  tests i n  p o t a s s i u m  
( r e f .  1 1 - 1 1  . 
S e c t i o n s  f r o m  t h e s e  seals were s u b j e c t e d  t o  micro- 
ha rdness  tests, e l ec t ron -mic roprobe   ana lys i s ,   and  
mic rograph ic  s tud ies .  
(1) The B e 0  (56Zr-28V-16Ti) Cb-1Zr  System 
S e c t i o n s  of B e 0  t o  C b - 1 Z r  seals b r a z e d  ( b r a z i n g  
t e m p e r a t u r e  2372O F)  w i t h  a c t i v e  a l l o y  56Zr-28V-16Ti 
were examined i n  t h e  a s - b r a z e d  c o n d i t i o n  a n d  a f t e r  
500 hours  exposure  a t  1600O F t o  potass ium vapor  
44 
and  vacuum. A microprobe  trace w a s  made on t h e  
po ta s s ium  exposed   s ample   on ly .   Mic ros t ruc tu res  
f r o m  t h e  t h r e e  c o n d i t i o n s  are shown i n  € i g u r e  1 1 - 1 8 .  
D i f f e r e n c e s  i n  m i c r o s t r u c t u r e  e x i s t  i n  e a c h  case. 
T h r e e  o r  f o u r  p h a s e s ,  i n  some cases, are v i s i b l e  
in   t he   b razemen t .   Mic roha rdness   ( t ab le   11 -5 )   and  
e l e c t r o n  m i c r o p r o b e  d a t a  ( f i g u r e  11-19]  i n d i c a t e  
t w o  s epa ra t e   phases .   The  first (brown)  phase i s  
r i c h  i n  Z r  and i s  q u i t e   h a r d .  The  second  (white) 
phase  i s  s o f t  b u t  h a s  s u b s t a n t i a l l y  d i f f e r e n t  
compos i t ions  i n  t h e  t w o  l o c a t i o n s ,  b e i n g  r i c h e r  
i n  C b  n e x t  t o  t h e  Cb-1Zr  metal member. However, 
it may be  no ted  f rom the  compos i t ion  listed i n  
f i g u r e  11-19 t h a t  t h e  V-Ti  r a t i o  i s  i d e n t i c a l  i n  
t h e  t w o  l o c a t i o n s .  A s c a n   f o r   p o t a s s i u m   a n d  
t i t a n i u m  showed  no  po ta s s ium wi th in  the  d i sc r imina -  
t i o n  limits of the  mic roprobe  equ ipmen t  (<230 ppm) ; 
and 8 p e r c e n t ,  1 8  t o  2 3  p e r c e n t ,  a n d  2 9  p e r c e n t  
t i t a n i u m  i n  p h a s e s  1, 2b, and 2a r e s p e c t i v e l y .  
TABLE 11-5.   Microhardness  T e s t  R e s u l t s   o n  56Zr-28V-16Ti Al loy  
Brazed t o  Cb-1Zr and  99.8 Percent B e r y l l i a  
Cb- 1 Zr 
Interface 2b 
Brown phase 
la  t l b  
White phase 2a 
Interface  phase 
Ceramic (BeO) 
T 
Sample 1 
As brazed 
113 
35 7 
- 
40 7 
1140- 1300 
1140 
Cnoop Hardness (5  
Sample 2 
Vacuum 
Exposed(b) 
139 
364 
1235 
211 
- 
- 
io g load) 
Sample 3 
Potassium 
Exposed(b) 
160 
45 0 
780-900 
( c )  
(a) For phase area and compositions, see figure 11-19 
(b) 1600'F, 500 hours 
( c )  Too small in unit s ize  to determine 
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I 
Cb- 1Zr 
Braze 
56Zr-28V-16Ti 
Thermalox 998 
Be0  
Cb-  1Zr 
Braze 
56Zr-28V-16Ti 
Thermalox 998 
Be0 
Cb- 1Zr 
Braze 
56Zr-28V-16Ti 
Thermalox 998 
B e 0  
Etchant: 30 ml lactic acid, 10 ml HNOQ, 10 ml HF 
Note: Samples shown are the  samples  used for the microhardness and micro- 
probe analyses described in the accompanying text. (a) as brazed, @) 
vacuum exposed for 500 hours at 1600"F, (c) potassium exposed 500 
hours a t  1600"F,  different  specimen  used  for  microprobe  analysis 
shown in Figure  IV-6. 
FIGURe 11-18. Photomicrographs of Alloy 56Zr-28V-16Ti Brazements 
Between Cb-1Zr and Thermalox 998   (99 .8% BeO) 
(400X Before Photo Reduction) 
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100 
90 
80 
7 0  
60 
5 0  
4 0  
30 
2 0  
10 
0 
DISTANCE IN MICRONS 
Sample w a s  Potassium Exposed for 500 hours 
a t  1600°F,  no potassium detected by micro- 
probe ,  l i m i t  of d e t e c t a b i l i t y  - 2 3 0  ppm. 
FIGURE 11-19. P l o t  of Elec t ron   Microprobe   Scan  Across 
Alloy  56Zr-28V-16Ti Braze  Between  Cb-1Zr 
and  Thermalox  998  (99.8% BeO) 
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i r  w a s  f i rs t  believed t h a t  t he  s o f t  wh i t e  phase  w a s  
C.',-Ti-V-Zr sol id  s o l u t i o n  w h i c h  h a d  p a r t i a l l y  t r a n s -  
formed t o  an eu tec to id  on   cool ing .   .The   harder   phase  
W A S  believed t o  be t h e  ZrV2 s o l i d  s o l u t i o n  e u t e c t i c .  
T h i s  i n t e r p r e t a t i o n  w a s  c o n s i s t e n t  w i t h  t h e  f a c t  
t h a t  e a c h  a p p a r e n t  p h a s e  w a s  p r e v i o u s l y  n o t e d  t o  be 
made up of two phases .  
Ti le  f i n a l  i n t e r p r e t a t i o n  i s  s u b s t a n t i a l l y  d i f f e r e n t  
from t h e  first e v a l u a t i o n  a n d  b e g i n s  w i t h  c o n s i d e r a -  
t i o n   o f   t h e   b i n a r y   s y s t e m s  ( tab le  11-21.  Only  one 
i n t e r m e t a l l i c  compound ( Z r V 2 ,  forming  from a mono- 
t ec t i c  a t  2372O F) i s  c e r t a i n  i n  t h e  Z r ,  C b ,  T i ,  V 
system.  The  composi t ions,   determined by e l e c t r o n  
m i c r o p r o b e  a n a l y s i s  as w e i g h t  p e r c e n t ,  when con- 
v e r t e d  t o  atomic p e r c e n t ,  ( f i g u r e  1 1 - 1 9 )  show t h a t  
on ly  approximate ly  1 / 5  o f  t h e  Z r  i n  p h a s e  1 can  be 
t i e d  up as  ZrV2;  even less i f  a t e r n a r y  compound 
e x i s t s .  The m a j o r i t y   o f   t h e  Z r  must t h e r e f o r e   b e  
accounted for  i n  some o t h e r  form. 
The b r a z i n g  a l l o y  was o r i g i n a l l y  f o r m e d  d u r i n g  arc- 
me l t ing  as a e u t e c t i c   b e t w e e n  Z r V 2  and E ( Z r ,  T i ) ,  
t he   phase   be ing   Z r - r i ch .  Much o f   t h e  V may a l s o  
have   remained   in  the  f3 phase .   So l id   phase  
t ransformat ions   f rom B t o  a a l s o   p r o b a b l y  
occurred.   The  presence  of  T i  p r o b a b l y   i n c r e a s e s  
t h e  s o l u b i l i t y  of V i n  B - Z r ,  t h u s  moving t h e  
V-Zr s o l i d u s   t o w a r d   h i g h e r  V c o n t e n t .  When 
t h e  a l l o y  w a s  r e m e l t e d  d u r i n g  b r a z i n g ,  t h e  e u t e c t i c  
was t h e n  l o c a t e d  o n  t h e  V - r i c h  s i d e  o f  t h e  a l l o y  
composi t ion  so t h a t  - t h e  r ~ I t  c o n s i s t e d  o f  a l a r g e  
amount of unmel  t e d  R-Zr, and l i q u i d  r i c h  i n  V and 
T i  ( a l l  t h e  Z r V 2  would have mel ted . )  When t h e  C b  
c o n s t i t u e n t  s t a r t e d  t o  d i s s o l v e  i n t o  t h e  m e l t ,  t h e  
s o l i d u s  o f  t h e  q u a r t e n a r y  s y s t e m  was r e a c h e d  l o c a l l y ,  
c a u s i n g   p r e c i p i t a t i o n  of t h e  B (Cb, T i ,  V) w i t h   t h e  
small amount of Z r  i n   t h e  m e l t  a lso i n  so l id  
s o l u t i o n .   T h i s  w a s  t h e   s c f t   p h a s e  2 i n d i c a t e d   i n  
f i g u r e  11-19.  The c o n s t a n t  C b  c o n t e n t  shown  by t h e  
microprobe scan of  phase 2 i n d i c a t e s  t h a t  it m u s t  
have  formed  from  the m e l t ,  o t h e r w i s e  a g r a d i e n t  
would  be  shown. Some s o l i d   p h a s e   d i f f u s i o n   m u s t  
have  occurred  a l so  as i n d i c a t e d  by t h e  s t e e p  g r a d i -  
e n t s   a t   t h e   e d g e   o f   t h e   p h a s e s .  When the   t empera-  
t u r e  was r educed ,  t he  r ema inde r  of t h e  melt s o l i d i -  
f i e d  l e a v i n g  a m a t r i x  o f  t h e  o r i g i n a l l y  u n m e l t e d  
6 ( Z r ,  T i )  p l u s  a new B - Z r  s o l i d  solution con- 
t a i n i n g  Cb, V, and T i ,  p l u s  t h e  Z r V 2  compound. 
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The h a r d n e s s  may be due t o  a f i n e  p r e c i p i t a t e .  
T h i s  c o u l d  h a v e  o c c u r r e d  d u r i n g  t h e  1600O F exposure .  
( 2 )  The B e 0  (75Zr-19Cb-6Be) Cb-1Zr  System 
S e c t i o n s  o f  B e 0  t o  Cb-1Zr seals b r a z e d  ( b r a z i n g  
t empera tu re  1985O F) w i t h  active b r a z i n g  a l l o y  
75Zr-19Cb-6Be were examined i n  t h e  a s - b r a z e d  
cond i t ion  and  a f t e r  500-hour  exposure  a t  1600O F 
to  po ta s s ium vapor  and  vacuum. 
M i c r o s t r u c t u r e s  of s a m p l e s  f r o m  t h e  t h r e e  e x p o s u r e  
c o n d i t i o n s  are shown i n  f i g u r e  11-20. Two p h a s e s  
a r e  v i s i b l e ,  a c r y s t a l l i n e  p h a s e  g r o w i n g  f r o m  t h e  
C b - 1 Z r  s u r f a c e   a n d   a n   e u t e c t i c   m a t r i x .  Micro- 
ha rdness  data p r e s e n t e d  i n  t ab le  11 -6  and  ana lys i s  
o b t a i n e d  by m i c r o p r o b e   ( f i g u r e  1 1 - 2 1 ]  c o n f i r m   t h e  
two phases .  The  Cb-rich  phase  next t o  t h e  metal 
m e m b e r  was h a r d e r  t h a n  a similar phase  1 i n  t h e  
56Zr-28V-16Ti  system. 
I t  i s  p o s t u l a t e d  t h a t  t h e  w h i t e  p h a s e  forms i n  t h e  
same manner as i n d i c a t e d  f o r  t h e  w h i t e  p h a s e  i n  t h e  
seal  s y s t e m  r e p o r t e d  i n  t h e  p r e c e d i n g  p a r a g r a p h s ;  
by s o l i d i f y i n g  f r o m  t h e  m e l t  as t h e  columbium dis-  
s o l v e s   a n d   t h e   s o l i d u s  i s  reached   loca l ly .   However ,  
t h e  g r e a t  d i s c r e p a n c y  i n  h a r d n e s s  b e t w e e n  t h e  t w o  
systems i s  unreso lved .  
The m i c r o p r o b e   a n a l y s i s  may b e   i n   e r r o r .   S i n c e   t h e  
B e  c o n t e n t  by microprobe  was de te rmined   by   d i f f e r -  
ence there  may be an error o f  s i x  p e r c e n t .  I t  may 
be n o t e d  t h a t  t h e  a v e r a g e  c o m p o s i t i o n  o f  t h e  p h a s e  
2 cons t i t uen t  compared  t o  t h e  s t a r t i n g  c o m p o s i t i o n  
o f  t h e  b r a z i n g  a l l o y  leaves a n e t  l o s s  o f  Z r  and a 
g a i n   i n  B e ,  a n   u n l i k e l y   o c c u r r e n c e .   I n   f a c t  some 
l o s s  o f  B e  by v a p o r i z a t i o n  d u r i n g  b r a z i n g  i s  l i k e l y .  
I t  was s i g n i f i c a n t  t h a t  i n  t h e  a s - b r a z e d  s a m p l e ,  
t h e  e u t e c t i c  p h a s e  i n d i c a t e d  low microhardness  
v a l u e s  i n  as close p r o x i m i t y  t o  t h e  B e 0  as can 
be measured.  There was n o  n o t i c e a b l e  v i s u a l  o r  
h a r d n e s s  c h a n g e  e v e n  w i t h  t h e  s i g n i f i c a n t  d e c r e a s e  
i n  Zr c o n t e n t  t h a t  b e g a n  1 0  m i c r o n s  f r o m  t h e  p h a s e  
boundary, a d i s t a n c e  t h a t  is d i s c e r n i b l e  i n  t h e  
micrographs.  
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. r  
Thermalox 998 
Be0 
Braze 
75Zr-19Cb-6Be 
. 75Zr- 19Cb-6Be a 
Thermalox 998 
Be0 
L Braze 75Zr-19Cb-6Be 
Void 
75Zr- 19Cb-6Be 
Thermalox 998 
Etchant: 30 ml lactic acid, 10 ml HNO3, 10 ml HF 
Note: Samples shown are the samples used for the microhardness and microprobe  analyses  described in the 
accompanying text. (a) as brazed, (b) vacuum exposed 500 hours a t  1600"F, (c) potassium exposed 
500 hours at 1600°F. 
F I G U R E  11-20. Photomicrographs of Alloy 75Zr-19Cb-6Be Brazements Between Cb-1Zr 
and Thermalox 998  (99.8% BeO) (400X Before Photo  Reduct ion)  
- Cb-1Zr 
2 0  4 0  6 0  ti0 100 1 2 0  140 1.5 
I 
DISTAIJCE I E J  PlICRONS 
Sample  was i n  t h e  as-brazed cond i t ion  
FIGUFUZ 1 1 - 2 1 .  Plot of E l e c t r o n  Microprobe Scan  A c r o s s  
A l l o y  7 5 Z r - 1 3 C b - 6 B e  Braze B e t w e e n  Cb-1Zr 
and T h e r n a 1 . 0 ~  9 9 8  ( 9 9 . 8 %  C e O )  
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TABLC 11-6. Microhardness  Test  Results  on  FiJe 
Assemblies of 99.8 Percent  Beryllia 
Joined  to  Cb-1Zr  Alloy  with  Braze 
75Zr-19Cb-6Be 
T 
i 
1 Eutectic 
Cb- 1 Zr 
Interface 
Crystal phase 
150 ! 120 
350 300 
1040 750 
284-312 (C) 
284-312 820 
151(d), 137 150  157 
260(d), Sl9 21 1 384 
813(d), 785 1052 914 
( 4  497 400,600 
374(d), 846 463 1138 i Interface 
I Ceramic (BeO) C" 
(a) 1600°F for 500 hours 
(b) 1000'F for 500 hours (El-3-3) 
Not Determined, too small an area 
~ ~ 
TABU, 11-7. Microhardness  Test  Results on 99.8 
Percent  Beryllia  to  Cb-IZr  Alloy 
Assemblies  Brazed  with  48Ti-48Zr-4Be 
-r Knoop Hardnee8 (5% load) 
1 I Sample 1 ke brazed Sample 3 ;E:% Phase Designation Cb- 1 Zr Interface Crystal Eutectic or black crystal phase Interface crystal Ceramic (-0) 148 403 425 - 1344 425 120 314 41 1 512 726 1140 - 
(a) 1600"F, 500 hours 
(b) very  small  area 
5 2  
I .I1 111 I II 
( 3 )  The B e 0  (48Zr-48Ti-4Be) Cb-1Zr  System 
M i c r o s t r u c t u r e s  of samples   f rom  the B e 0  (48Zr-48Ti- 
4 B e )  Cb-1Zr sys tem  (brazed  a t  2030" I?) i n  t h r e e  ex- 
p o s u r e   c o n d i t i o n s  are shown i n   f i g u r e  11-22 .  A s  
confirmed by m i c r o h a r d n e s s  d a t a  ( table  11-71  and 
mic roprobe   ana lys i s   ( f i gu re   11 -23] ,  a c r y s t a l l i n e  
p h a s e  o c c u r s  n e x t  t o  t h e  ceramic and metal members 
wi th  an  eu tec t i c  ma t r ix  be tween .  
I n  g e n e r a l ,  t h e  p h a s e s  i n  t h i s  s y s t e m  are softer 
t h a n  t h o s e  i n  t h e  Zr-Cb-Be a l l o y  s y s t e m  w i t h  t h e  
e x c e p t i o n  o f  small areas o f  a h a r d ,  b l a c k  i n t e r m e t a l -  
l i c  found  in   the  potassium-exposed  sample.   The 
i n t e r m e t a l l i c  was formed a t  t h e  e x p e n s e  of t h e  
e u t e c t i c   p h a s e   n o t e d   i n   t h e   o t h e r   s a m p l e s .  The 
w h i t e  c r y s t a l  p h a s e  i n  t h e  a s - b r a z e d  s a m p l e  ( f i g u r e  
1 1 - 2 2 a )  may be i n t e r m e t a l l i c  b u t  i s  s o f t  enough 
i n  t h e  vacuum and  potassium-exposed  samples   ( f igure 
1 1 - 2 2 b  and  11-22c) t o  i n d i c a t e  a C b - Z r - T i  sol id  
s o l u t i o n  p h a s e  w a s  forming as a r e s u l t  of e x t e n s i v e  
C b  d i f f u s i o n  i n t o  t h e  b r a z e m e n t .  
The c r y s t a l l i n e  p h a s e  111, n e x t  t o  t h e  b e r y l l i a  
ceramic, i s  t h e  h a r d e s t  o f  t h e  p h a s e s  a t  726 knoop 
hardness .  Its composi t ion by mic roprobe   ana lys i s  
is  10% Cb, 10 t o  35% Z r ,  45% T i  and 0 t o  35% B e :  
t h e  l a t t e r  i n c r e a s i n g  toward t h e  B e 0  i n t e r f a c e  w i t h  
a co r re spond ing  decrease i n  Z r .  
b. DIFFUSION OF B R A Z I N G  ALLOY COIJSTITUENTS INTO THE 
METAL MEMBER 
D i f f u s i o n  of t h e  b r a z i n g  a l l o y  e l e m e n t s  i n t o  t h e  metal 
member was o b s e r v e d   f o r  a l l  t h ree   sys t ems .  The  approxi- 
mate d i f f u s i o n  d i s t a n c e s  d e t e r m i n e d  f r o m  t h e  e l e c t r o n  
microprobe  scans  are g i v e n  below. 
Time a t  
Di f fus ion   Braz ing   Braz ing  
A 1  l o y  D i s t a n c e s  Temperature Temperature Condi t ion  
75zr-19Cb-6Be 41.1 1985O F 5 min. As-brazed 
48Zr-48Ti-4Be 41.1 2030O F 5 min. A f t e r  500-hour, 
1600" F potass ium 
exposure  
1600' F potassium 
exposure  
56Zr-28V-16Ti 1 5 ~  2372O F 5 min. A f t e r  5OO-hour, 
5 3  
Braze 
48Zr-48Ti-4Be 
Thermalox 998 
Be0 
Braze 
48Zr-48Ti-4Be 
Thermalox 998 
Be0 
Etchant: 30 m l  lactic acid, 10 m l  HNO3, 10 m l  HF 
Note: Samples shown are the samples used for  microhardness and micro- 
probe analyses described in the accompanying text. (a) as brazed, 
(b) vacuum exposed 500 hours at  1600”F, (c) potassium exposed 500 
hours at 1600”F, (d) as for (c), dotted line shows path of microprobe 
trace. 
FIGURE 11-22. Photomicrographs of Alloy  48Zr-48Ti-4Be 
Brazements  Between  Cb-1Zr  and  Thermalox 
998 (99 .8% BeO)  (abc400X, d200X Before 
Photo Reduct ion)  
54 
100 
90 
H 
N 
I O  
0 
Sample was K exposed  for  500 hours a t  1600OF 
55 
These distances are somewhat a . r b i t r a r y  as i n  e a c h  case 
a s o l i d  s o l u t i o n  crystal phase grew from the  i n t e r f a c e .  
However, t h e   m i c r o h a r d n e s s  traverses (tables 11-5, 11-6, 
and 11-7) i n d i . c a t e  t h a t  some elements d i f f u s e  f o r  g r c a t e r  
d i s t a n c e s  i n t o  t h e  s p e c i m e n  t h a n  g i v e n  ahove ( n o t  d c t e c t e d  
by t h e  microprobe). I f  t h i s  is  n o t  t h e  case, t h e n   t h c  
i n c r e a s e d  h a r d n e s s  t o w a r d  t h e  C b - 1 Z r  a t  t h e  braze  i n t c r -  
f a c e  may be due  t o  i n t e r s t i t i a l  e l emen t s  p i c k e d  u p  by 
d i f f u s i o n  f r o m  t h e  b r a z i n g  a l l o y .  
I t  i s  h i g h l y  i m p r o b a b l e  t h a t  b e r y l l i u m  d i f f u s e d  a p p r c c i . -  
a b l y   i n t o   t h e  columbium l a t t i c e .  S t u d i e s   o f   t h e   b i n a r y  Cb- 
B e  s y s t e m   ( r e f s .  11-8 and 11-9) show t h a t  a d i f f u s i o n  
c o u p l e  of Cb and B e  m e t a l  members w i l l  form a l a y e r e d  s t r u c -  
t u r e  w i t h  t h e  p r o p e r t i e s  a s  shown i n  t a h l e  1 1 - 2 .  
4 .  Development of A l t e r n a t e  __-___. €3raze   Sea l ing   Sys tems 
a.  DEVELOPMENT OF NEW B R A Z i I I G  ALLOYS 
T h r e e  y t t r i u n  a l l o y s ,  Y-GCb,  Y-GBc and Y-46Zr were s e l e c t e d  
f o r  b r a z i n g  tes ts  b e c a u s e  o f  t h e  t h e r m o d y n a m i c  s t a b i l i t y  of 
Y 2 O 3  i n  t h e  p r e s e n c e  of a l k a l i  metals and  because  of  tile 
s c a v e n g i n g  e f f e c t  o f  y t t r i u m  i n  col.umbium a l l o y s .  
Y t t r i u m  b r a z i n g  alloy s t u d i e s  wcre s t a r t e d  by b r a z i n g  
t h r e e - m i l  y t t r i u m  metal. foi1.s" t o  Ch-1Zr a n d  b e r y l l i a  
o r  alumina CLPI-15 t c n s i l r !  tost p i e c e s .  Good mechanical  
seais were obta in tx i  w i t 1 1  b r i l ; : . i r \ q  cyc l c s  a t  2550' F under  
a vacuum of 1x10-4 torr a t  t h a t  t empera tu re .  tIowever, 
l eak  checks  showed t h e  s1.ur;:ina sample t o  have a micro- 
l e a k  w h i l e  t h e  b e r y 1 l i . a  s a m p l e  i n d i c a t e d  a g r o s s  l e a k .  
Y t t r i u m  metal f o i l  was plac(eF GI] a n  a l u m i n a  s u b s t r a t e  
and   processed   under   the  same c c n d i t i o n s  as above  ! in  
vacuum a t  2550 '  F ) .  DesE'ite t h e   f a c t   t h a t   y t t r i u m  melts 
a t  2680 '  F ,  a f i rm  mechanica l   bond was es t ab l i shed  be tweer ;  
t h e  y t t r i u m  and t h e  a l c m i n a  member; t h u s  i n d i c a t i n g  t h a t  
c o n s i d e r a b l e  r e d u c t i o n  of a lumina  had  taken  p lace .  
Two s m p l e s  of yt t r ium-68 C h  b r a z i n g  a l l o y  ( u s i n g  Y and 
Cb-1Zr s h i n s )  o n  B e 0  and A 1 2 0 3  p l a q u e s  were p r o c e s s e d  a t  
2550 '  F i n  vacuum as  a b o v e .   A l t h o u g h   n e i t h e r   a l l o y   m e l t e d ,  
i t  was n o t e d  t h a t  t h e  r e a c t i o n  h a d  p r o c e e d e d  much f u r t h e r  
on the  a lumina  p l aque  than  on t h e  b e r y l l i a  p l a q u e ;  t h u s  
i n d i c a t i n g  t h a t  r e d u c t i o n  o f  a l u m i n a  t o  aluminum ocrurrcd 
more r e a d i l y  t h a n  b e r y l l i a  t o  b e r y l l i u m ,  a n d  t h e  c o n s o l i -  
d a t i o n  of t he  b raz ing  a l loy  mus t  have  been  due  t o  s o l u t i G n  
of aluminum i n   t h e   b r a z i n g   a l l o y .   T h e s e   r e s u l t s   m i g h t  he 
"Obtained  from Bat te l le  Memorial I n s t i t u t e ,  Columbus,  Ohio. 
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e x p e c t e d ,  c o n s i d e r i n g  t h e  relative t h e r m o d y n a m i c  s t a b i l i t y  
of A1203 and BeO. The  above braze w a s  t e s t e d  o n  a Cb-1Zr  
p l a q u e .  O n l y  p a r t i a l  m e l t i n g  t o o k  p l a c e  u n d e r  t h e  same 
c o n d i t i o n s  w h e r e  n o  m e l t i n g  t o o k  p l a c e  o n  t h e  ceramic 
p l a q u e s .  I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  z i r -  
conium from the Cb-1Zr a l l o y  o n  t h i s  braze a l l o y ,  a n  
e u t e c t i c  m e l t  of Y-46Zr w i t h  a m e l t i n g  p o i n t  o f  2525O F 
w a s  u sed  t o  j o i n  a Cb-1Zr  washer  t o  Al203. A good 
mechanica l  seal w a s  o b t a i n e d .   H o w e v e r ,   d i f f i c u l t y  w a s  
e x p e r i e n c e d  i n  e v a c u a t i n g  t h e  seal w h i c h  i n d i c a t e d  a 
poor   he rme t i c  seal. The a l l o y  f o i l s  h a d  m e l t e d  down 
a d e q u a t e l y ,  b u t  t h e  b r a z e  a p p e a r e d  t o  be g r a n u l a r  a n d  
porous.  
Work w a s  n o t  c o n t i n u e d  o n  y t t r i u m  o r  y t t r i u m  a l l o y  brazes 
b e c a u s e  o f  t h e  h i g h  b r a z i n g  t e m p e r a t u r e s  r e q u i r e d  i n  re- 
l a t i o n  t o  t h e  s i n t e r i n g  and  deformat ion  tempera tures  of  
t h i n - w a l l   b e r y l l i a   s h a p e s .   I n   a d d i t i o n ,   i n t e r s t i t i a l  
a n a l y s i s  results showed h i g h  o x y g e n  c o n t e n t  i n  t h e  
y t t r i u m  and C b - 1 Z r  f o i l s .  
Yt t r ium is  s t i l l  o f  i n t e r e s t ,  d e s p i t e  i t s  r e l a t i v e l y  
h i g h  v a p o r  p r e s s u r e ,  a n d  r e l a t i v e  i m p u r i t y  l e v e l  i n  t h i s  
test  b e c a u s e  o f  t h e  h i g h  s t a b i l i t y  o f  Y2O3 and of t h e  
i n t e r m e t a l l i c  compounds  of  yttr ium. I t  may be of 
p a r t i c u l a r  v a l u e  as a ceramic w e t t i n g  l a y e r  ( t o  c o n -  
c e n t r a t e  i t s  e f f e c t  a t  t h e  brazement/ceramic i n t e r f a c e )  
o r   a s  a m i n o r  c o n s t i t u e n t  o f  a b r a z i n g  a l l o y .  
b. PROCESS MODIFICATION AND TESTING OF SELECTED 
BRAZING ALLOYS 
(1) A l t e r n a t e  Forms of   Braz ing   Al loys  
The  ox ide  con ten t  of the  ce ramic -b razemen t  in t e r -  
face ( r e s u l t i n g  f r o m  o x i d e s  i n  t h e  b r a z i n g  a l l o y ,  
f r o m  o c c l u d e d  a t m o s p h e r i c  g a s e s  i n  t h e  b r a z i n g  
a l l o y ,  a n d  f r o m  r e a c t i o n  o f  t h e  b r a z i n g  a l l o y  w i t h  
t h e  ceramic s u b s t r a t e )  r e p r e s e n t s  a p o t e n t i a l l y  
v u l n e r a b l e  a r e a  i n  t h e  o v e r a l l  c e r a m i c - m e t a l  seal- 
ing  system. The o x i d e s  of columbium,  zirconium, 
t i tanium and vanadium i n  t h e  b r a z e  material are 
much less s t a b l e  i n  a l k a l i - m e t a l  v a p o r  t h a n  t h e  
metals t h e m s e l v e s ,  w h i l e  n i t r o g e n  o r  n i t r i d e s  
accelerate c o r r o s i o n  by l i t h i u m .   T h e   c o n t r i b u t i o n s  
o f   t he   t h ree   oxygen   ( and   n i t rogen)   sou rces   men t ioned  
above can be c o n t r o l l e d  i n  a seal by the  me thods  
descr ibed  be low:  
a)  O x i d e s   ( o r   n i t r i d e s )  i n  t h e  b r a z i n g  a l l o y  
can  be c o n t r o l l e d  by us ing  p re -ana lyzed  
low-oxygen mater ia l s  a n d  h i g h  q u a l i t y  
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0-l 
0 
50Zr-30V-2Wb  5 
60Zr-25V-15Cb 
5OZr-30Ti-20V 
Ceramic  parts  were  Brush Berylha's 99.8% Be0 bcdy containing 70 ppm Si02 (Lot No. R o r  150 ppm Si02 (Lot No. E).  The parts were  fabricated by dry 
pressing  slabs,  firing  in  electric kiln with subsequent cutting and grinding to shape. The ceramic bar size was 0.1 inch x 0.1 inch x 1 inch.  Density ME 
between 2.85  and  2.94  g/cc as specified by vendor.  Average  post-braze  modulus-of-rupture strength of the  ceramic was 25,000  psi.  Ten tars from 
above  assemblies  were tested. The standard deviation was 3230 psi.  The  metal  member  was 0.015 inch thick Cb-1BZr sheet. 
Note: 
(b) Fair  wetting, incomplete fillet. 
(a) Good wetting, good fillet. 
(c) Poor wetting, incomplete, g ranuhr  fillet. 
(e) VT indicates a leak rate < 1 x std. cc/sec. ,  2/3 indicates 2 of 3 samples vacuum tight. etc. 
(f)  When there  were less than  three  specimens,  the  standard  deviation was not determined;  the  value shown indicates the spread of values  from  the 
average  value. 
I 
r .- 
The s t r e n g t h  d a t a  i n  t a b l e  1 1 - 8  do n o t  i n c l u d e  
test  r e s u l t s  on every brazed specimen because i t  
w a s  occasionally f o u n d  t h a t  some j o i n t s  i n  t h e  
same braz ing  run  were abnormally low i n  comparison 
w i t h   t h e   g e n e r a l   s t r e n g t h   l e v e l .  I t  w a s  p o s s i b l e  
t o  d e t e c t  and r e j e c t  t h e  l o w - s t r e n g t h  b r a z e d  sam- 
p l e s  o n  t h e  b a s i s  of v i s u a l  a p p e a r a n c e  p r i o r  t o  
t e s t i n g .  The c a u s e s   f o r   r e j e c t i o n  were p r i m a r i l y  
d u e  t o  f a u l t y  a s s e m b l y  w h i c h  i n c l u d e d  m i s a l i g n m e n t ,  
f a u l t y  p r e s s u r e  a p p l i c a t i o n ,  or l o s s  of b r a z i n g  
a l loy   powder .  A s m o o t h   w e l l - f i l l e t e d   b r a z e  w a s  
n o t  o b t a i n e d  i n  eve ry   i n s t ance ,   however ,   because  
c e r t a i n  a l l o y s  were c h a r a c t e r i z e d  by incomple t e  o r  
uneven   wet t ing .  I t  i s  p r o b a b l e   t h a t   i n  these cases, 
t h e  p o o r  w e t t i n g  c o u l d  b e  a l l e v i a t e d  by u s i n g  a 
metall ic w e t t i n g  l a y e r  on t h e  b e r y l l i a  ceramic. 
Some p r o c e s s  v a r i a t i o n s  were c a r r i e d  o u t  w h e n e v e r  
t h e  b r a z e m e n t s  a p p e a r e d  t o  b e  less than  optimum. 
I n  a d d i t i o n  t o  t h e  b r a z e  f i l l e r  a l l o y  e v a l u a t i o n s ,  
s e v e r a l  b e r y l l i a  c e r a m i c s  were t e s t e d  t o  o b t a i n  t h e  
modu lus -o f - rup tu re   s t r eng th  of t h e s e   b o d i e s .  The  
t e s t e d  c e r a m i c  p i e c e s  were t h e  e n d  p o r t i o n s  of 
modulus-of-rupture  assemblies and  had  been  exposed 
t o  t h e  i n d i c a t e d  b r a z i n g  c y c l e  a s  w e l l  as the  no rma l  
ceramic c l e a n i n g   a n d   f i r i n g   s t e p s .  T h i s  p rocedure  
was  fo l lowed  in  o rde r  t o  i n c l u d e  t h e  p o s s i b l e  i n -  
f l u e n c e  o f  b r a z i n g  t e m p e r a t u r e  e x p o s u r e  o n  ceramic 
s t r e n g t h .  The s t r e n g t h  of t h e  brazed  modulus-of- 
r u p t u r e  a s s e m b l y  c o u l d  a l s o  b e  c o m p a r e d  d i r e c t l y  
t o  t h a t  o f  t h e  ceramic. 
( a )  Braz ing   A l loy  68Ti-28V-4Be 
B r a z i n g  a l l o y  68Ti-28V-4Be was t h e  o n l y  b r a z e  
a l l o y  of t h e  s i x  t e s t e d  t h a t  c o n t a i n e d  no 
z i rconium.  The average   modulus-of - rupture  
s t r e n g t h  was 1 7 , 4 6 5   p s i .  On t h e   d e f i c i t   s i d e ,  
t h e  b r a z e  a l l o y  showed  poor   wet t ing,   forming 
i s o l a t e d  d r o p l e t s ,  a n d  h a d  a n  a v e r a g e  tab 
p e e l  s t r e n g t h  of o n l y  n i n e  p o u n d s  p e r  i n c h .  
Of t h e  s i x  a l l o y s  t e s t e d ,  t h i s  a l l o y  showed a 
l e a k a g e  i n c i d e n c e  s e c o n d  o n l y  t o  t h a t  o f  t h e  
50Zr-30Ti-30V a l l o y .   T h e   p o o r   w e t t i n g  w a s  due 
i n  p a r t  t o  a n  increase i n  s u r f a c e  t e n s i o n  a n d  
m e l t i n g  p o i n t  d u e  t o  t h e  loss o f  b e r y l l i u m  by 
v o l a t i z a t i o n .  The v a p o r   p r e s s u r e  i s  r e p o r t e d  
( r e f .  11-12]  t o  b e   n e a r  10-2 torr  a t  2239" F 
(1226O C) which i s  less t h a n  t h e  b r a z i n g  t e m -  
p e r a t u r e  2372O F (1300O C ) .  V o l a t i z a t i o n  is 
n o t  n e c e s s a r i l y  d e t r i m e n t a l  s i n c e  it i s  a 
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convent ional  method of r a i s i n g  t h e  m e l t i n g  
p o i n t  of a braze by removing a m e l t i n g  p o i n t  
d e p r e s s a n t ,   i n   t h i s  case, beryl l ium.  The 
v o l a t i l i z a t i o n  c o u l d  b e  i n h i b i t e d  by b r a z i n g  
i n  a n  i n e r t  a t m o s p h e r e ,  a l t h o u g h  c o n t a m i n a t i o n  
by reactive gases w o u l d  b e  g r e a t e r  t h a n  t h a t  
e n c o u n t e r e d   i n  vacuum braz ing .  I t  i s  a l s o  
p o s s i b l e  t h a t  w e t t i n g  a n d  l i q u i d  s p r e a d i n g  
could be improved i n  t h i s  case by m e t a l l i z i n g  
t h e  ceramic o r  a l t e r ing  t h e  b r a z i n g  c y c l e .  
The  low-ave rage  t ab  pee l  s t r eng th  fo r  t he  
68Ti-28V-4Be b r a z i n g  a l l o y  w a s  a p p a r e n t l y  
r e l a t e d  t o  p o o r  w e t t i n g  o f  b o t h  t h e  metal 
and ceramic. I t  w a s  n o t e d   t h a t   a n   i n c r e a s e  
i n  a p p l i e d  p r e s s u r e  d u r i n g  b r a z i n g  i m p r o v e d  
t h e   p e e l   s t r e n g t h   s l i g h t l y .  I t  i s  p o s s i b l e  
t h a t  t h e  low t a b  p e e l  s t r e n g t h  i s  i n d i c a t i v e  
of t h e  p r e s e n c e  of a b r i t t l e  l a y e r e d  p h a s e ,  
since a b r i t t l e  l a y e r  would be conducive t o  
c rack  p ropaga t ion .  
The mode o f  f r a c t u r e  o f  t h e  t a b  p e e l  s p e c i m e n s  
w a s  no t  apparent  f rom microscopic  examinat ion .  
The a l l o y  was s e l e c t e d  f o r  p o t a s s i u m  e x p o s u r e  
t e s t i n g  b e c a u s e  b r a z e d  s p e c i m e n s  e x h i b i t e d  h i g h  
s t r e n g t h .  I t  w a s  b e l i e v e d   t h a t   t h e   w e t t i n g  
c h a r a c t e r i s t i c s  c o u l d  b e  i m p r o v e d  by m e t a l l i z -  
i n g  t h e  ceramic w i t h  evapora t ed  molybdenum. 
(b )   Braz ing   A l loy  46Ti-46Zr-4Be-4V 
B r a z i n g  a l l o y  4 6 T i - 4 6 Z r - 4 B e - 4 V  a p p e a r e d  p a r t i -  
c u l a r l y  p r o m i s i n g  f o x  b o r e  s e a l  a p p l i c a t i o n s  
i n  t h e  1000" t o  1400" F temperature   range  be-  
cause  of  i t s  e x c e l l e n t  w e t t i n g  a n d  r e l a t i v e l y  
low  brazing  temperature   (1832" F ) .  L i k e  t h e  
68Ti-28V-4Be a l l o y ,  t h i s  a l l o y  c o n t a i n e d  
bery l l ium which  would  be  expec ted  to  form a 
s u i t a b l e   j o i n t   w i t h   t h e   b e r y l l i a .   T h i s   a l l o y  
was s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  by po ta s -  
s i u m  e x p o s u r e  t e s t i n g .  
(c) Brazing  Alloy  60Zr-25V-lSCb 
B e r y l l i a  t o  Cb-1Zr spec imens  brazed  wi th  the  
60Zr-25V-lSCb a l l o y  showed an  average  tab  pee l  
s t r e n g t h  o f  34 p o u n d s  p e r  i n c h ,  t h e  h i g h e s t  
ave rage   va lue   o f  a l l  s i x   a l l o y s   t e s t e d .  I n  
g e n e r a l ,  t h e  a l l o y  a p p e a r e d  t o  form a ve ry  
s a t i s f a c t o r y  b r a z e m e n t ,  w i t h  a l l  l e a k  tes t  
c y l i n d e r s   b e i n g  vacuum t i g h t .  The a l l o y  was 
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s e l e c t e d  f o r  p o t a s s i u m  e x p o s u r e  t e s t i n g .  
.This   a l loy,   (60Zr-2SV-l5Cb),  was sclctct.ed f o r  
potassium e x p o s u r e  t e s t i n g  o v e r  t h e  5 O Z r - 3 0 ~ -  
20Cb p r i m a r i l y  on t h e  h a s i s  of i t s  s l i g h t l y  
lower b r a z i n g   t e m p e r a t u r e ,  2436O F (133OOC) 
versus 2516O F ( 1 3 8 O O C ) .  The lower h r a z i n g  
t e m p e r a t u r e  o f  t h e  60Zr-25V-15Cb a l l o y  was 
due t o  t h e  lower columbi.um ccmtent .  
(d)   Braz ing   Al loy  50Zr-30V-20Cb 
The  50Zr-30V-20Cb a l l o y  w a s  v e r y  similar t o  
t h e  60Zr-25V-15Cb a l l o y  i n  c o m p o s i t i o n  a n d  
tes t  r e s u l t s .  A comparison  of   composi t ions 
ind ica tes  t h a t  t h e  50Zr-30V-20Cb a l l o y  i s  
less r e a c t i v e  t h a n  t h e  60Zr-30V-,i5Cb a l l o y  
so w e t t i n g  of t h e  ceramic might be improved 
wi th  an  evapora t ed  molybedenurn we t:t.irlg l a y e r .  
The   ave rage   t ab   pee l   s t r eng th  of specimens made 
w i t h  t h e  50Zr-30V-20Cb alloy w a s  s l i . g h t l y  
less t h a n  t h a t  of specimens made w i t h  t h e  
60Zr-25V-15Cb a l l o y .  
(e) Brazing  Al.loy  50Zr-30Ti-20V 
Specimens brazed with the 50Zr-30Ti-20V al loy 
s h o w e d  v e r y  s a t i s f a c t o r y  t es t  r e s u l t s  i n  p r e -  
l i m i n a r y  tests b u t  t e s t  r e s u l t s  o b t a i n e d  la ter  
were n o t  s a t i s f a c t o r y .  The e a r l i e r   a v e r a g e  
modu lus -o f - rup tu re  s t r eng th  w a s  n e a r  2 5 , 0 0 0  
p s i   ( t h e   b a s i c   s t r r e r l g t h  of t h e  ceramic) a s  
o p p o s e d  t o  t h e  l a t c r  1;alue of 1 5 , 2 2 5  p s i .  
The  average tab peel r t?sul t -s were s i m i l a r l y  
reduced  from 4 9  pounds per i n c h  1:cj 2 1  pounds 
p e r   i n c h .   N e i t h e r  of t h e  t w o  cy1 indr i ca : l  
assemblies which w e r e  made were vacuum t i g h t .  
An appa ren t  change  in  compos i t ion  occur red  
when add i t iona l  powder  f rom the  melt i n g o t  
w a s  added t o  t h e  f i r s t  a l l o y  powder.   Since 
the composi t ion  of t h i s  a l l o y  i s  s i m i l a r  t o  
al loy 56Zr-28V-l6Ti ,  which was s c h e d u l e d  f o r  
f u r t h e r  tes t ,  t h e  50Zr-30Ti-20V a l l o y  w a s  n o t  
s e l e c t e d  f o r  a d d i t i o n a l  tests. 
( f )   B r a z i n g   A l l o y  35Ti-35V-30Zr 
Spec imens  b razed  wi th  a l loy  35Ti-35V-30Zr were 
t h e  only specimens in t h i s  e v a l u a t i o n  t e s t  t o  
u t i l i z e  a molybdenum w e t t i n g  l a y e r  o n  t h e  
b e r y l l i a  ceramic. T h i s   s y s t e m   e x h i b i t e d  the 
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h i g h e s t  average m o d u l u s - o f - r u p t u r e  s t r e n g t h  
( 2 4 , 4 3 7   p s i )   o f   t h e  six a l loys  tested. However, 
t h e  a l l o y  w a s  r e j e c t e d  b e c a u s e  of t h e  h i g h  
i n c i d e n c e  of v a c u u m - l e a k   f a i l u r e s .   T h e   f a c t  
t h a t .  t h e  b r a z i n g  t e m p e r a t u r e  of 2804O F w a s  
t h e  h i g h e s t  of t h e  a l l o y s ,  w a s  a n o t h e r  c o n s i d e r -  
a t i o n  i n  i t s  r e j e c t i o n .   M e c h a n i c a l   d e f o r m a t i o n  
and  sagging  of l a r g e ,  t h i n - w a l l  t u b e s  w o u l d  h e  
expec ted  a t  t h i s   t e m p e r a t u r e .  However, t h i s  
a l l o y ,  w i t h  a d d i t i o n a l  t e s t i n g ,  may be found 
s u i t a b l e  f o r  r e l a t i v e l y  t h i c k - w a l l  s t r u c t u r e s .  
( 3 )  O p t i m i z i n g   t h e   B r a z i n g   C y c l e   o f   S e l e c t e d  
Braz ing  Al loys  
Ceramic- to-meta l  spec imens  brazed  wi th  ac t ive  braz ing  
a l l o y s  56Zr-28V-16Ti  and  48Zr-48Ti-4Be were s u b j e c t e d  
t o  b r a z i n g  time a n d   t e m p e r a t u r e   v a r i a t i o n s .   T h e s e  
a l l o y s   h a d   p r e v i o u s l y   ( r e f .  11-11 shown a l k a l i - m e t a l  
c o m p a t i b i l i t y  a f t e r  5 0 0 - h o u r  e x p o s u r e  a t  1600O F. 
M i c r o s t r u c t u r a l  v a r i a t i o n s  c o u l d  n o t  b e  s a t i s f a c t o r i l y  
r e s o l v e d  s o l e l y  o n  t h e  bas i s  o f  p o s t - b r a z i n g  e x p o s u r e  
times and  environments.   The f i r s t  o b j e c t i v e  of t h i s  
work was t o  determine m i c r o s t r u c t u r a l  a n d  f l e x u r a l  
s t r e n g t h  v a r i a t i o n s  d u e  t o  b raz ing  t empera tu re  and  
b r a z i n g  h o l d  t i m e  d i f f e r e n c e s  w h i c h  are g r e a t e r  t h a n  
those  encoun te red  du r ing  no rma l  ac t ive -me ta l  b raz ing  
o p e r a t i o n s .  The   s econd   ob jec t ive  w a s  t o   d e t e r m i n e  
w h e t h e r  t h e  o b s e r v e d  e f f e c t s  c o r r e l a t e d  w i t h  t h e  w e t -  
t i n g   o f   t h e  ceramic by t h e   b r a z i n g   a l l o y .  Later ,  
d u r i n g  t h e  b r a z e  d i f f u s i o n  s t u d y ,  t h e  n e w e r  6 0 Z r -  
25V-15Cb b r a z i n g  a l l o y  w a s  i nc luded  because  o f  i t s  
d e s i r a b l e   d u c t i l i t y .  The b r a z i n g   t e m p e r a t u r e   f o r  
t h e s e  a l l o y s  h a d  b e e n  d e t e r m i n e d  p r e v i o u s l y  ( r e f .  
11-1) by t r i a l  b r a z e  r u n s  a t  s u c c e s s i v e l y  h i g h e r  
t e m p e r a t u r e s  u n t i l  s a t i s f a c t o r y  f i l l e t s ,  a h igh  
p e r c e n t a g e  o f  vacuum t i g h t  seals, a n d  s t r e n g t h  were 
o b t a i n e d .  
The s t a n d a r d  vacuum b r a z i n q  s c h e d u l e  u s e d  o n  t h i s  
p rogram cons i s t ed  of a ten-minute  hold  a t  approxi -  
mately 180° F below t h e  b r a z i n g  t e m p e r a t u r e  of t h e  
a l l o y  system, a l l o w i n g  t h e  t e m p e r a t u r e  t o  e q u a l i z e  
w i t h i n  t h e  f u r n a c e  a n d  a l l o w i n g  t h e  vacuum t o  i m -  
prove.   The  temperature  w a s  t h e n   r a p i d l y  raised t o  
t h e  p r e d e t e r m i n e d  b r a z i n g  t e m p e r a t u r e ,  h e l d  f o r  
f i v e  m i n u t e s  a n d  t h e  f u r n a c e  p o w e r  t u r n e d  o f f .  
D u r i n g  t h e  e n t i r e  o p e r a t i o n .  t h e  p r e s s u r e  i n  t h e  
f u r n a c e  was held  below 5x10'5 torr. A f t e r  modi f i -  
c a t i o n  of t h e  vacuum b r a z i n g  f u r n a c e  d u r i r , g  t h i s  
program, a p r e s s u r e  less t h a n  5x10'6 t o r r  w a s  main- 
t a i n e d .  
F o r  t h e  d i f f u s i o n  b r a z i n g  s t u d y  o n  t h e s e  f i r s t  t w o  
a l l o y s ,  t h e  h o l d  t i m e  a t  t h e  b r a z i n g  t e m p e r a t u r e  
w a s  e v a l u a t e d  a t  z e r o  m i n u t e s  ( a c t u a l l y  o n e  t o  f i v e  
seconds )  , f i v e  minutes ,  and t h i r t y   m i n u t e s .   T h e  
b r a z i n g  t e m p e r a t u r e  w i t h  t h e  s t a n d a r d  f i v e - m i n u t e  
h o l d  w a s  e v a l u a t e d  a t  t h e  p r e d e t e r m i n e d  t e m p e r a t u r e  
for e a c h  a l l o y  a n d  a t  90° F (50° C) and  180° F ( l o o o  C)  
h i g h e r   t e m p e r a t u r e s   t o  accelerate d i f f u s i o n .   T h e  
test  p i e c e s  c o n s i s t e d  o f  ASTM CLM 1 5  geometry,  Ei-3W 
alumina (99.78 Al2O3) ,  p i eces  o f  The rma lox  998  be ry l l i a  
(99.8% BeO) modu lus -o f - rup tu re  ba r s  and  cy l ind r i ca l  
vacuum-test   specimens.   The ceramic members w e r e  
j o i n e d  t o  a Cb-1Zr metal member w i t h  t h e  r e s p e c t i v e  
b r a z i n g   a l l o y s ,  Tests were r u n   i n   t r i p l i c a t e .  The 
r e s u l t s  of s t r e n g t h  a n d  vacuum i n t e g r i t y  tests on 
the  b razed  spec imens  are p r e s e n t e d  g r a p h i c a l l y  i n  
f i g u r e  1 1 - 2 4 .  
The data  f rom the 48Zr-48Ti-4Be system with alumina 
ceramic i n d i c a t e  t h a t  t h e  p r e d e t e r m i n e d  b r a z i n g  t e m -  
p e r a t u r e  (1940O F) and t h e   s t a n d a r d   b r a z i n g   s c h e d u l e  
( f ive -minu te  ho ld  a t  t h e  b r a z i n g  t e m p e r a t u r e )  i s  
n e a r  optimum. N o  a p p r e c i a b l e   i n c r e a s e   i n   s t r e n g t h  
was no ted  a s  a f u n c t i o n  o f  i n c . r e a s i n g  b r a z i n g  t i m e  
o r   t e m p e r a t u r e .  A s h a r p   d e c r e a s e  i n  t h e   w e t t i n g  
a n g l e  w a s  n o t e d   a t   t h e   h i g h e r   t e m p e r a t u r e s .   P r e -  
v i o u s  work ( r e f .  11-11 had shown t h a t  s h o r t e r  h o l d  
times a n d  l o w e r  b r a z i n g  t e m p e r a t u r e s  r e s u l t e d  i n  
i n c o m p l e t e  m e l t i n g  o f  t h e  a l l o y .  
M i c r o s t r u c t u r e s  o f  s e c t i o n s  f r o m  t h e  4 8 Z r - 4 8 T i - 4 B e  
t e s t  spec imens   b razed   a t  t h e  ' ' ze ro"   ho ld  t i m e  (1 t o  
5 s e c o n d s   a t  1 9 4 0 "  F ) ,  s t a n d a r d   s c h e d u l e  ( 5  m i n u t e s  
a t  1 9 4 0 "  F ) ,  and  "BT+180° F" (2120" F ,  5 - m i n u t e  h o l d )  
were examined   ( f igure  1 1 - 2 5 ]  . These   r ep resen t  t h e  
range  of t h e   d i f f u s i o n   c o n d i t i o n s   e v a l u a t e d .  The 
samples  showed  ex tens ive  r eac t ion  wi th  the  a lumina  
ceramic. P a r t i c l e s  of   a lumina   had   been   car r ied   in to  
t h e  m e l t  phase  i n  a l l  t h r e e  c a s e s ,  a l t h o u g h  t h e  e r o -  
s i o n  w a s  ve ry  small i n t h e  f i r s t  ( " z e r o  h o l d " )  case. 
The e u t e c t i c  p h a s e  w a s  much more e x t e n s i v e  i n  t h e  
"BT+180°  F" sample.   This  was caused  by i n c r e a s e d  
r e a c t i o n   w i t h  t h e  me ta l  member.  The t h i c k   r e a c t i o n  
zone  on  the  s ide  o f  t he  Cb-1Zr metal member i s  i n d i -  
c a t i v e  of t h e   d e g r e e   o f   r e a c t i o n .   I n   s u c h   s y s t e m s ,  
w i t h  p h a s e s  t h a t  s o l i d i f y  o u t  a t  h i g h e r  t e m p e r a t u r e s ,  
a cer ta in  minimal  amount  of t h e  more d u c t i l e  e u t e c t i c  
phase  i s  d e s i r a b l e  t o  i n s u r e  a g a i n s t  v o i d s ,  c r a c k s  
a n d   p o s s i b l e  vacuum l e a k s   o n   c o o l i n g .   T h i s   c o n s i d e r -  
a t i o n  a l s o  i n d i c a t e s  t h a t  a s l i g h t l y  h i g h e r  b r a z i n g  
t empera tu re  ( - 6 5 O  F)  than   t he   p rede te rmined   t empera -  
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a t u r e  w o u l d   b e   b e n e f i c i a l .   T h e   i n c r e a s e d   r e a c t i o n  
wi th  the  co lumbium-l% z i rconium gave  a v e r y  t h i c k  
brazed j o i n t  i n  t h e  "BT+180° F" sample .   This  
c o n f i r m s  t h e  c o n c l u s i o n  f r o m  t h e  s t r e n g t h  d a t a  t h a t  
t h e  t e m p e r a t u r e  s h o u l d  be r a i s e d  much less than  180°  F. 
The tests on 99 .7% a lumina  ceramic w i t h  56Zr-28V-16Ti 
b r a z i n g  a l l o y  p r o d u c e d  a l o w  y i e l d  of vacuum t i g h t  
a s s e m b l i e s .   T h i s   b r a z i n g   a l l o y  i s  e v i d e n t l y   m a r g i n a l  
wi th  a lumina  even  a t  t h e  lower b r a z i n g  t e m p e r a t u r e  
because   o f  i t s  r e a c t i v i t y   w i t h   a l u m i n a .   M i c r o g r a p h s  
of s a m p l e s  b r a c k e t i n g  t h e  d i f f u s i o n  t r e a t m e n t  c o n d i -  
t i o n s  s u p p o r t  t h e  a b o v e  r e a s o n i n g  ( f i g u r e  1 1 - 2 6 ) .  
The r e a c t i o n  a t  t h e  b r a z e m e n t - a l u m i n a  i n t e r f a c e  a t  
t h e  l o w e r  t e m p e r a t u r e  r e s u l t e d  i n  r o u n d  i n c l u s i o n s  o f  
a l u m i n a   b e i n g   c a r r i e d   i n t o   t h e  m e l t  p h a s e .   I n   t h e  
"BT+180° F" s a m p l e  t h e  r e a c t i o n  r e s u l t e d  i n  t h e  
c o m p l e t e  d i s s o l u t i o n  o f  a l u m i n a  g r a i n s .  
Upon c o n s i d e r a t i o n  o f  t h e  s t r e n g t h  d a t a  a n d  i n t e r -  
p r e t a t i o n  of t h e  photomicrographs ,  t h i . s  a l l o y  i s  n o t  
recommended f o r  u s e  wi th   a lumina .  I t  i s  p o s s i b l e  
t h a t  a d i f f u s i o n  l a y e r  o f  molybdenum o r  col.umbium 
cou ld  be  p l aced  on t h e  a l u m i n a  b e f o r e  b r a z i n g  t o  
reduce  t h e  r e a c t i v i t y  l o c a l l y  d u r i n g  b r a z i n g .  
Data  f rom the  braz ing  tests of t h e s e  two a l l o y s  w i t h  
h e r y l l i a  ceramic i n d i c a t e  t h a t  t h e  s t a n d a r d  b r a z i n g  
temperature f o r  t h e  48Zr-48Ti-4Be a l l o y  i s  n e a r  o p t i -  
mum; b u t  the hold  time i s  f l e x i b l e .  The p r o d u c t i o n  
of  vacuum t i g h t  a s s e m b l i e s  w i t h  t h i s  a l l o y  shows t h e  
e x p e c t e d  g r e a t e x  s t a b i l i t y  of b e r y l l i a  o v e r  alumina 
ceramlc .  
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The d a t a  f u r  k r a z i n y  a l l o y  56Zr-28V-16Ti  show t h a t  
t h e  s t a n d a r d  b r a z i n g  c y c l e  w a s  n o t  optimum w i t h  B e O ,  
b u t   a p p e a r s   t o   h a v e   s u b s t a n t i a l   f l e x i b i l i t y .  The 
d e g r e e  of w e t t i n g  w i t h  t h i s  a l l o y  a p p e a r s  t o  b e  
n e a r l y   i n d e p e n d e n t   o f   t h e   b r a z i n g   c o n d i t i o n s .  A s  
a r e s u l t  of t h e s e  t e s t s ,  t h e  s t a n d a r d  c y c l e  was- 
r e v i s e d  to 2.136" -+To F)  w i t h  a 5-minute   hold.  
The e n c o u r a g i n g  r e s u l t s  w i t h  56Zr-28V-16Ti/BeOPmade 
th i s  co rnb ina t i cn  r ema in  a-primary c a n d i d a t e  f o r  b o r e  
seal  development.  I t s  s u p e r i o r i t y   t o   4 8 Z r - 4 8 T i - m  
when joining t o  B e 0  is r e a d i l y  a p p a r e n t  f r o m  f i g u r e  
1 1 - 2 4 ,  so t h e  l a t t e r  a l l o y  w a s  e l i m i n a t e d  f r o m  f u r -  
t h e r   c o n s i d e r a t i o n .   I n   a d d i t i o n ,  48Zr-48Ti-4Be i s  
too r e a c t i v e  w i t h  a l u m i n a  ceramics. 
- 
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Thermalox  998  (99.8% BeO) t e s t  specimens were b razed  
w i t h  t h e  60Zr-25V-15Cb a l loy  a t  t h e  p r e d e t e r m i n e d  
b r a z i n g   t e m p e r a t u r e  (2436O F) and a t  90'  F h i g h e r ,  
180° F h ighe r   and  108O F lower. The  hold time was 
f ive   minu te s .   Brazemen t s  a t  a l l  braz ing   tempera-  
t u r e s  showed  good f i l l e t i n g  but  t h o s e  h e l d  a t  t h e  
h i g h e s t  t e m p e r a t u r e  were n o t  superior t o  t h o s e  
o b t a i n e d  a t  2526O and 2436O F. The da ta  are shown 
i n  table  11-17.  Th,ese data i n d i c a t e  t h a t  a l l  j o i n t s  
brazed  between  2328"  and 2526O F were s t r o n g e r  t h a n  
t h e  ceramic as a l l  b r e a k s  o c c u r r e d  i n  t h e  ceramic. 
S i n c e  h i g h e r  s t r e n g t h  w a s  o b t a i n e d  w i t h  t h e  s p e c i m e n s  
b r a z e d  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  a p o s s i b l e  h e a t -  
t r e a t m e n t  e f f e c t  o n  t h e  b e r y l l i a  ceramic w a s  b e i n g  
man i fe s t ed .  The same t r e n d  w a s  n o t e d   w i t h   b e r y l l i a  
bars  t e s t e d  i n  t h e  as-received c o n d i t i o n  and a f t e r  
5 0 0  hour s   exposure  t o  vacuum a t  1600O F. The j o i n t s  
which were b razed  a t  2616O F were w e a k e r  t h a n  t h e  
ceramic a s  shown by the  modu lus -o f - rup tu re  va lues  
a n d  t h e  f a c t  t h a t  t h e  f r a c t u r e s  were a l l  located a t  
t h e  c e r a m i c - b r a z e m e n t  i n t e r f a c e .  
I t  w a s  c o n c l u d e d  t h a t  t h e  2436O F s t a n d a r d  b r a z i n g  
t empera tu re  was s u i t a b l e  f o r  i n i t i a l  a t t e m p t s  t o  
b r a z e  l a rge r  seals a n d  t h a t  a s u b s t a n t i a l -  r a n g e  of 
t e m p e r a t u r e s  was available wi th in  wh ich  good sea ls  
cou ld  be made. 
(4) Se lec t ion   o f   Brazed   Sys t ems  for  A l k a l i  Metal 
Exposure Tests a n d  f o r  C o n s t r u c t i o n  of Four- 
I n c h  Model Bore Seals 
The a p p l i c a t i o n  of a R  evapcxated w e t t i n g  l a y e r  of 
molybdenum on t h e  ceramic member improved  the  
s t r e n g t h  a n d  v a c u m  i n t e g r i t y  of ceramic-to-metal 
seals. These  processing  improvements  were a p p l i e d  
t o  t h e  a l l o y  s y s t e m s  w h i c h  were selected f o r  f u r t h e r  
e v a l u a t i o n .  
From t h e  s i x  b r a z i n g  a l l o y s  d i s c u s s e d  p r e v i o u s l y ,  
t h e  f o l l o w i n g  were selected for   500-hour ,  1600O F 
tests i n  p o t a s s i u m :  
BeO* (68Ti-28V-4Be) C b - 1 Z r ;  
Brazing  Temperature:   2372'  F 
Braz ing  Time:  5 minu te s  
B e 0  (46Zr-46Ti-4Be)  Cb-1Zr; 
Brazing  Temperature:  1832O F 
Braz ing  Time:  5 minu tes  
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BeO* (60Zr-25V-15Cb)  Cb-1Zr: 
Brazing  Temperature:  2436O F 
Braz ing  Time:  5 minu tes  
The b e r y l l i a  ceramic i n  t h e  s y s t e m s  m a r k e d  w i t h  an 
a s t e r i s k  ( * )  were c o a t e d  w i t h  a 1 p - t o  3u-thick 
l a y e r  o f  molybdenum  by t h e  e v a p o r a t i o n  m e t a l l i z i n g  
p r o c e s s  (See Appendix A, MP-1) b e f o r e   b r a z i n g .  
5. Ceramic Outgass inq   S tudy  
Alumina  and be r , l l l a  ceramics are  n o r m a l l y  f a b r i c a t e d  by s i n -  
t e r i n g  t h e  a p p r o p r i a t e  c o m p a c t e d  p o w d e r s  i n  a n  o x i d i z i n g  a t -  
mosphere  for  1 / 2  t o  3 hours  a t  t e m p e r a t u r e s  i n  t h e  2700O t o  
3100O I? (1500' t o  1700e C) range.   Dissolved,   chemisorbed  and 
~ c c l u d e d   o x y g e n - c o n t a i n i n g   g a s e s  ( H 2 0 ,  CO, C02)  are  t h e r e f o r e  
r e l e a s e d  by t h e  ceramics d u r i n g  s u b s e q u e n t  t r e a t m e n t  o r  u s e  a t  
e l e v a t e d   t e m p e r a t u r e s .   T h e   a v a i l a b i l i t y  o r  presence  of   oxygen 
i n  a l k a l i - m e t a l  accelerates i t s  c o r r o s i v e  e f f e c t  t o w a r d  re- 
f r a c t o r y   m e t a l s .  The   pu rpose   o f   t h i s   s tudy  was t o  de te rmine  
the  species  and  amount  of  gaseous  oxygen  compounds  remaining 
i n  s e l e c t e d  b o r e  seal  ceramics ( w a l l  t h i c k n e s s  0 . 0 4 0  t o  0.100 
i n c h )  a f t e r  v a r i o u s  p r o c e s s i n g  s c h e d u l e s ,  as measured by vacuum 
o u t g a s s i n g  a t  p r o p o s e d  o p e r a t i n g  t e m p e r a t u r e s  f o r  b o r e  seals. 
C o r r e c t i v e  a c t i o n  s u c h  as pro longed  h igh  tempera ture  vacuum 
f i r i n g  c o u l d  b e  programmed i f  shown n e c e s s a r y  by t h i s  s t u d y .  
The r e s i d u a l  b u l k  o u t g a s s i n g  r a t e s  o f  s i m i l a r l y  f a b r i c a t e d  a n d  
s i n t e r e d   c e r a m i c s   s h o u l d   b e  similar.  F o r   t h i s   r e a s o n ,   t h r e e  
m a t e r i a l s  were s e l e c t e d  t o  r e p r e s e n t  d i f f e r e n t  f a b r i c a t i n g  a n d  
s i n t e r i n g  p r o c e d u r e s :  
a )  S a p p h i r e ,   s i n g l e   c r y s t a l  -100 percen t   a lumina ;  
f l ame   fus ion  grown i n  an  oxy-acetylene  f lame:  n o  
g ra in   boundar i e s ,   no   appa ren t   vo ids ,   dens i ty   3 .98  
g /cc .  
b )   Luca lox ,   po lyc rys t a l l i ne   99 .8   pe rcen t   a lumina ,  
-0 .2  p e r c e n t  m a g n e s i a :  s i n t e r e d  i n  h y d r o g e n ;  w i t h  
g r a i n  b o u n d a r i e s ,  b u t  a l m o s t  n o  v o i d s :  e s s e n t i a l l y  
1 0 0  p e r c e n t  t h e o r e t i c a l  d e n s i t y ,  3 . 9 8  g / c c .  
c )  Therma lox   998 ,   po lyc rys t a l l i ne   99 .8   pe rcen t   be ry l l i a ;  
s i n t e r e d  i n  a i r  a tmosphere e lectr ic  k i l n :  w i t h  g r a i n  
boundaries   and  voids:   95 t o  9 8  p e r c e n t  t h e o r e t i c a l  
d e n s i t y ,  2.86 - 2.95  g/cc.  
The b e r y l l i a  a n d  a l u m i n a  were r e p r e s e n t a t i v e  b o r e  s e a l  ceramics 
a n d  t h e  s a p p h i r e  w a s  a con t ro l  wh ich  wou ld  g ive  an  ind ica t ion  
of  the  impor tance  of g r a i n  b o u n d a r i e s  a n d  v o i d s  t o  r e s i d u a l  
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o u t g a s s i n g .   T h e s e   t h r e e  materials were s i n t e r e d  i n  d i f f e r e n t  
a tmospheres .  
Two o u t g a s s i n g  t e m p e r a t u r e s  a n d  t h r e e  d i f f e r e n t  s a m p l e  p r e p a r -  
a t i o n s  were s e l e c t e d  f o r  t h e  s t u d y .  The t w o  t e m p e r a t u r e s  were 
1000° and 1600O F. The t h r e e   p r e c o n d i t i o n i n g   t r e a t m e n t s  were: 
P r e c o n d i t i o n  1 (PC11 : After  dye  check  and  ceramic c l e a n -  
i n g   p r o c e d u r e s .  (See Appendix A ,  
MP-1). 
P r e c o n d i t i o n  2 (PC2)  : Afte r  dye  check  a id  ceramic c l ean -  
i n g  p r o c e d u r e s  p l u s  1 0  m i n u t e s  a t  
1832O F ( l O O O o  C)  a t  a p r e s s u r e  of 
less t h a n  5x10'6 torr. 
P r e c o n d i t i o n  3 (PC3) : After  dye  check  and  ceramic c l ean -  
i n g  p r o c e d u r e s  p l u s  30 m i n u t e s  a t  
2597O F (1425' C )  i n  75%N2-25%H* 
w i t h  l o o o  F d e w  p o i n t ,  p l u s  1 0  
minu tes  a t  1832" F (1000" C )  a t  a 
p r e s s u r e  o f  less t h a n  5x10'6 torr. 
T h e  spec i f i c  s ample  p repa ra t ion  and  t e s t  d i s t r i b u t i o n  are shown 
i n  table 1 1 - 9 .  The  1832" F vacuum f i r i n g   a n d   t h e   2 5 9 7 "  F f i r -  
i n g  i n  75%N2-258H2 g a s  m i x t u r e  were r o u t i n e  f i r i n g s  g i v e n  t o  
a l l  ceramics on t h i s  p rogram p r io r  t o  vacuum b r a z i n g .  
The  sample  surface areas and  weights  are g i v e n  i n  table  1 1 - 1 0 .  
T r i a l  runs  were made t o  de termine  the  sample  s i z e  t h a t  w o u l d  
g i v e  a g a s  e v o l u t i o n  ra te  which could be handled by t h e  1 . 0  
i?/sec pumping  speed of the  sys t em.  
Compos i t ion   o f   t he   f i r i ng   gases  i s  g i v e n   i n   t a b l e  11-11. T h e  
ram fu rnace  i s  r e s e r v e d  f o r  B e 0  because  of i t s  t o x i c  p r o p e r t i c : ; .  
A l t h o u g h  i n l e t  g a s  t o  t h e  t w o  f u r n a c e s  i s  i d e n t i c a l ,  CO i s  
formed i n  t h e  t u n n e l  f u r n a c e  b e c a u s e  of r e a c t i o n  o f  water vapor  
w i t h  t h e  c o n t i n u o u s  l i n e  of carbon boats u s e d  t o  h o l d  t h e  p a r t s .  
Curves of t o t a l  p r e s s u r e  a n d  p a r t i a l  p r e s s u r e  o f  g a s e s  w i t h  
mass-to-charge r a t io s  of  2 ,  18,   28,   and 4 4  were o b t a i n e d  as 
a f u n c t i o n  o f  t i m e  and are shown i n  f i g u r e s  1 1 - 2 7  t o  11-37. The 
t o t a l  evolved  gas  QT i n  u n i t s  o f  10-4 torr-liters/gram-sec 
was ob ta ined  f rom spec imens  hav ing  su r face  a reas  and  we igh t s  
a s  g i v e n  i n  t a b l e  11-10 .  
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T m L C  11-9. Test D i s t r i b u t i o n   f o r  Ceramic O u t g a s s i n g  
Measurements 
" 
T 
Outgasalng 
Temperature 
1OOO'F 
1600°F 
Test 
. - - - - -. . . - - 
1000°F 
1600°F 
1000°F 
1600°F 
Vacuum :] X 
X X 
___ 
Becondition 
Clean (c) 
and Vacuum 
Fired 
and Vacuum 
Fired 
Clean (d) 
l'l",EiE 1 1 - 1 0 .  Ceramic Outgass ing   Samples ,   Weights ,   Sur face  
Areas,  and Gas Q u a n t i t i e s   ( t o r r - l i t e r s / g )  a t  
1 0 0 0 "  and 1600OF 
-7" 
Gas Evolvcd 
 
I 
1600 F for 20 rnlnules 
! I  
0 2644 1 I6 54 x tor r   h te r  g 
0 2697 I .  17 20 x torr  llter g 
0.2641 1 07 G x 10-4 torr  liter g 
I 
0.3764 1.69  40 x torr-1lter.g 
0 3764 1.69 10 x l W 4  torr-1iter:g 
0 3404 1 59 18 x1O-4 torr-liter:g 
0.3450 1.99 47 x torr-hter .  g 
0.3567 1.99 13 x torr-hrer  g 
0.3495 2 .  19 IO x 10-4 torr-l i ter  g 
7 3  
T,QLE 11-11. Typica l   Composi t ions  of Nitrogen-Hydrogen Gas 
Atmospheres  in  Furnace  H o t  Zone During 
2597OF F i r i n g  of Ceramics(a) 
Gas  Composition  (b) 
(Volume Percent) 
Carbon Argon  plus 
Furnace Hydrogen oxygen Monoxide Nitrogen 
(N2 1 (H) (A + 9) (CO) 
Tunnel Furnace 
74.68 Ram Furnace 
balance 0. 85 3. 02 71 .13  
balance 0. 31 0 
(a) Alumina parts are fired in a tunnel furnace and the beryllia 
(b) Averaged from data obtained with Burrell KROMO-TOG Model 
parts in a ram furnace. 
#IC2 gas chromatograph. 
I n  t h e  t o t a l  p r e s s u r e  c u r v e s ,  t h e  f i r s t  s h a r p  p e a k  i s  i n t e r -  
p r e t e d  as s u r f a c e  g a s  d i s t u r b e d  by s l i d i n g  t h e  s a m p l e  i n t o  
t h e   f u r n a c e .  The second   peak ,   i n  most cases n e a r l y  o b l i t e r a t e d  
by t h e  volume  peak, i s  caused  by loss of   su r f ace   gas .   These  
o c c u r  w i t h i n  t h e  first m i n u t e  o f  t e s t i n g .  
The p a r t i a l  p r e s s u r e s  of selected g a s e s  as  w e l l  as t h e  t o t a l  
p r e s s u r e  were moni tored   on   each   ou tgass ing   run .  The f o u r  
s p e c i f i c  g a s e s  m o n i t o r e d  were hydrogen (H,  m / e  = 21, water 
vapor  ( H 2 0 ,  m / e  = 181,   n i t rogen   and/or   carbon  monoxide  (Nz, 
m / e  = 2 8 ;  CO, m / e  = 28)   and   carbon  d ioxide  ((202, m / e  = 44). 
T h e s e  g a s e s  a c c o u n t e d  f o r  n e a r l y  a l l  gas e v o l v e d  s i n c e  t h e  
p a r t i a l  p r e s s u r e s  add t o  w i t h i n  a f ew pe rcen t  o f  t he  t o t a l  
pressure.   Methane (CH4,  m / e  = 1 6 )  w a s  n o t   m o n i t o r e d   s p e c i f i -  
c a l l y ,  a l t h o u g h  it was always  measured  due t o  i t s  p rox imi ty  
t o  water vapor ,  m / e  = 1 8 ,  which was monitored.  
The p a r t i a l  p r e s s u r e  c u r v e s  o b t a i n e d  from t h e  r a w  da ta  have 
been  smoo thed  ou t  and  the  r ema in ing  in f l ec t ions  are c o n s i d e r e d  
real  a n d   s i g n i f i c a n t .  For example ,   devia t ions   f rom  the   normal  
u n i f o r m  d e c a y  i n  p r e s s u r e  are n o t e d ,  s u c h  a s  t h e  h y d r o g e n  p e a k s  
( m / e  = 2 )  a t  4 minu tes  on  the  The rma lox  998 ,  i n  p recond i t ion  3 
on t h e  ( f i g u r e s  11-34 and 11-37] 1000'  and  1600' F cu rves .  
S t a r t i ng  background  levels f o r  t h e  i n d i v i d u a l  g a s e o u s  com- 
ponen t s ,  j u s t  p r i o r  t o  sample drop,  are n o t e d  on  t h e  l e f t  
hand  margins  of  the  f igures  and  by f a i n t  l i n e s  e x t e n d i n g  h o r i -  
z o n t a l l y  a c r o s s  t h e  f i g u r e s .  
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TIME (seconds) 
(a) Adjusted for  calibrated pumping speed on the vacuum  furnace 
FIGUFUZ 11-27.  Total(a)  Pressure  Outgassing  Curves at 1000°F 
Furnace  Temperature  for  Sapphire  (lOO%Al203, 
density 3.98 g/cc) Samples €or Preconditions 
1, 2, and 3 
-PC] QTb)  = 54 x 10-4 torr  liter/gr 
"_ PCZ Q T ~ )  = 20 x 10-4 torr liter/grarn 
_._ pC3 QTb) = 6 x torr  liter/gram 
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(a) Adjusted  for  calibrated pumping speed  on the vacuum  furnace 
FIGURE 11-28. Total(a)  Pressure  Outgassing  Curves  at 1600'F 
Furnace  Temperature for Sapphire (1OO%A1203, 
density 3.98 g/cc) Samples  with  Preconditions 
1, 2, and 3 
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(a)  Adjusted  for  calibrated  pumping  speed  on  the  vacuum  furnace 
F I G U R E  11-29.  Total(a) Pressure  Outgassing  Curves at 1600°F 
Furnace  Temperature fo r  Lucalox  (99.8%A1203, 
density  3.98  g/cc) Samples f o r  Preconditions 
1, 2, and 3 
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(a)  Adjusted for  calibrated  pumping  speed  on  the  vacuum  furnace 
F I G U R E  11-30. Total(a)  Pressure  Outgassing Curves at 1600OF 
Furnace  Temperature fo r  Thermalox 998 (99.8% 
BeO, density 2.86 to 2.98 g/cc)  Samples for 
Preconditions 1, 2, and 3 
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(a) Adjusted for ca l ibrated  pumping speed on the vacuum furnace 
F I G U R E  1 1 - 3 1 .  Total(a)   Pressure  Outgassing Curves at 1600OF 
fo r  Sapphire, Lucalox, and Thermalox 9 9 8  After 
Dye Check and Ceramic Cleaning  Procedures (PC11 
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SAPPHIRE PC3 
(100% A1203, density 3.98g/cc) 
1600'F 
SYMBOL MASS NO. 
2 -x-""" 2
\ 0 - . - . - . - 18 
0 28 A -.- 44 
1 Y 
" 
! 
\ 
""""-% 
." . .  "" "" - --- - 
-\. 
""\ 
2 
2 
28 
". " 4 4  
44 
H o r i z o n t a l  l i n e s  i n d i c a t e  t h e  f u r n a c e  b a c k g r o u n d  p r e s s u r e  f o r  
t h e  g a s  with t h e  d e s i g n a t e d  mass number. 
FIGURE 1 1 - 3 2 .  P a r t i a l   P r e s s u r e   C u r v e s  of Outgassed   Products  For 
S a p p h i r e  (lOO%Al203, d e n s i t y  3.98 g / c c )  Precondi -  
t i o n  3 ,  Outgassed a t  1600OF 
7 9  
! o + * : . ; ; : : : : : ! : : : : !  5 
IO I5 % 
TIME FROM SAMPLE OROP (Min.) 
4 4  _" - a4 
I 
Horizontal l i n e s  i n d i c a t e  t h e  f u r n a c e  b a c k g r o u n d  p r e s s u r e  for 
t h e  g a s  w i t h  t h e  d e s i g n a t e d  mass number 
F l . G ~ R Z  11-33 .  P a r t i a l  Pressure   Curves  of Outgassed  Products  f o r  
Lucalox (99.88A1203, d e n s i t y  3 . 9 8  g/cc) with Pre -  
c o n d i t i o n  3 ,  Outgassed a t  16OOOP 
8 0  
lo->- - 
r 
THERMALOX 998 PC 3 
(99.8% EkO, density 2.86 to 2.95g/cc) 
SYMBOL MASS NO. 
X ""_ 2
0 18 
28 
0 44 
1000°F 
"A 
"- 
u- 
Io- I . . . . I . . 
0 
I 
s IO IS , 
TIME FROM SAMPLE DROP(Min.1 
""" 2 
2 
I8 
28 
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44 
Horizontal lines indicate  the  furnace  background  pressure  for 
the  gas  with  the  designated  mass  number. 
F I G U R E  11-34. Partial  Pressure  Curves of Outgassed  Products  for 
Thermalox 998 (99.8%BeO,  density 2.86  to  2.95  g/Cc) 
Precondition 3 ,  Outgassed  at lOOOOF 
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1600°F 
MASS NO. ""_ 2" """_ 18 
44 -" 
n 
I & : : : : !  
0 
1 .  I 
5 IO 15 -0 
TIME FROM SAMPLE DRBP(Mfn.) 
l [or i . zonta l  lines i n d i c a t e  t h e  f u r n a c e  b a c k g r o u n d  pressure t;:r 
t h e  g a s  w i t h  t h e  d e s i g n a t e d  mass number. 
FIGURE 11-35. P a r t i a l  PressrJre Curves of 0i ; tgassed Products f o r  
Thermalox 998  (99.8%BeO, d e n s i t y  2.86 t o  2 . 9 5  g / c c )  
w i t h  P r e c o n d i t i o n  1, Outgassed a t  1600OF 
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H o r i z o n t a l  l i n e s  i nd ica t e  t h e  f u r n a c e  b a c k g r o u n d  p r e s s u r e  f o r  
the g a s  w i t h  t h e  d e s i g n a t e d  mass number. 
F I G L ' R 2  11-36. P a r t i a l   P r e s s u r e   C u r v e s  of Ou tgassed   P roduc t s   fo r  
Thermalox  998  (99.88Be@,  density 2 . 8 6  t o  2 . 9 5  g / cc )  
w i t h  P r e c o n d i t i o n  2 ,  Outgassed a t  1600OF 
8 3  
THERMALOX 998 
(99.8% BO, density 2.86 to  2.95g/cc) 
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Hor izon ta l  l i n e s  i n d i c a t e  t h e  f u r n a c e  b a c k g r o u n d  pressure for 
the  g a s  w i t h  t h e  d e s i g n a t e d  m a s s  number. 
F I G U R E  11-37. P a r t i a l   P r e s s u r e   C u r v e s   o f   O u t g a s s e d   P r o d u c t s   f o r  
Thermalox 9 9 8  ( 9 9 . 8 % B e 0 ,  d e n s i t y  2 - F 6  t o  3 . 9 5  g / c c )  
w i t h  P r e c o n d i t i o n  3 ,  Outgassed a t  16OOOF 
Table 11-10 shows t h a t  i n  a l l  cases the t o t a l  evo lved  gas from 
dye  checked  and  c leaned ceramic ( p r e c o n d i t i o n  1) w a s  s i g n i f i -  
c a n t l y   r e d u c e d  by  vacuum f i r i n g  ( p r e c o n d i t i o n  2 and w a s  re- 
d u c e d  f u r t h e r  when t h e  vacuum f i r i n g  w a s  p r e c e d e d  b y  f i r i n g  
the   s amples  a t  h igh   tempera ture   ( -2600°  F) i n  75%N2-25%H2 
f o r m i n g   g a s   ( p r e c o n d i t i o n  3). The p a r t i a l   p r e s s u r e   c u r v e s  
( f i g u r e s  11-32, 11-33, and 11-37] show t h a t  a f t e r  2 0  minu tes  
o f  o u t g a s s i n g  a t  1600O F,  a l l  t h r e e  mate'rials i n  t h e  p r e c o n -  
d i t i o n  3 f o r m  i n d i c a t e  p r e s s u r e s  w i t h i n  2 ~ 1 0 ' ~  t o r r  o f  t h e  
fu rnace  background  p res su re  for e a c h  of t h e  f o u r  m o n i t o r e d  
mass-to-charge ratios. An e x t r a p o l a t i o n  of t h e s e   c u r v e s  
shows t h a t  a f t e r  a n  a d d i t i o n a l  20  m i n u t e s  t h e  p a r t i a l  p r e s s u r e s  
would f a l l  b e l o w  t h e  c o r r e s p o n d i n g  s t a r t i n g  p r e s s u r e s  i n  a l l  
cases. 
The  m o s t  s i g n i f i c a n t  g a s e s  r e m a i n i n g  a f t e r  2 0  minu tes  ou t -  
g a s s i n g  a t  1600O F i n  a l l  materials i n  p r e c o n d i t i o n  3 are  
t h o s e   w i t h  m / e  = 28.  The water vapor  ( m / e  = 1 8 )  i s  e s s e n -  
t i a l l y  down t o  background  leve l   and   the   hydrogen  ( m / e  = 2 )  
i s  of lesser i m p o r t a n c e  s i n c e  i s  i s  n o t  a l i q u i d  a l k a l i  metal 
c o r r o s i o n  accelerator. As s t a t e d   p r e v i o u s l y ,  m / e  = 28 r e p r e -  
s en t s   n i t rogen   and /o r   ca rbon   monox ide .  To  r e s o l v e  t h e  q u e s t i o n  
o f  t h e  r a t i o  of n i t r o g e n  t o  carbon  monoxide,  it i s  n e c e s s a r y  
t o  m e a s u r e  o t h e r  s e c o n d a r y  m / e  p a r t i a l  p r e s s u r e s  w h i c h  are  
o v e r  a n  o r d e r  o f  m a g n i t u d e  less i n t e n s e  and a re  t h e r e f o r e  a t  
t h e  s e n s i t i v i t y  l i m i t  o f   t h e   e q u i p m e n t   u s e d .  As a r e s u l t ,  
c n l y  q u a l i t a t i v e  r e s u l t s  were p o s s i b l e  a n d  t h e s e  ind ica ted  
a CO t o  N2 r a t i o  of approx ima te ly  7 t o  1. 
The m / e  r a t i o s  o f  14, 1 6 ,  18, and 28 a f t e r  30 m i n u t e s  ( o r  f o r  
the l o n g e s t  p e r i o d  f o r  e a c h  d e t e r m i n a t i o n )  were measured f o r  
e a c h   d e t e r x i n a t i o n .  I n  a l l  c a s e s  t h e  m / e  = 1 6  peak (0  o r  C H 4 )  
was g rea t e r  t han  cou ld  be  accoun ted  for by t h e  H 2 0 ,  m/e = 1 8  
dnd N2 or C O ,  m / e  = 2 8  p e a k s ,  w h i c h  i m p l i e d  t h a t  t h e  b a l a n c e  
of   the   peak  w a s  d u e   t o   m e t h a n e  ( C H 4 ,  m / e  = 16). T h i s  was c011- 
f i rmed  by t h e  f a c t  t h a t  L u c a l o x  e m i t t e d  less methane than d i d  
s a p p h i r e .  Simce Lucalox is h y d r o g e n   s i n t e r e d   w h i l e   s a p p h i r e  
i s  grown i n  a n  a c e t y l e n e  h e a t e d  a t m o s p h e r e ,  t h e  d e d u c t i o n  i s  
r e a s o n a b l e .  
T h e  o u t g a s s i n g  da ta  i n d i c a t e  t h a t  e a c h  gram o f  s a p p h i r e ,  
Lucalox or  T h e m a l o x  9 9 8 ,  which are g i v e n  t h e  t r e a t m e n t  
described as p r e c o n d i t i o n  3 and outgassed  a t  1600O F f o r  
20 m i n u t e s ,  w i l l  evo lve  approx ima te ly  30pg of  oxygen (as  CO) 
d u r i n g  t h e  f o l l o w i n g  2 0  minu tes  a t  1600" F. If on t h e  o t h e r  
hand ,  t he  evo lved  gas  du r ing  the  second  2 0  minu tes  is assumed 
t o  c o n s i s t  e n t i r e l y  o f  n i t r o g e n ,  t h e n  a p p r o x i m a t e l y  8011g w i l l  
be re leased  f rom each  gram of  ceramic. 
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The 'evolved gases have been reported i n  u n i t s  o f  gas p e r  u n i t  
of weight  for t h e  ceramics, s i n c e  it is  believed t h a t  t h e  b u l k  
gases are of more importance t h a n  t h e  s u r f a c e  g a s e s .  The l a t -  
ter  can  be removed from a c o m p l e t e d  s t r u c t u r e  w i t h  a r e l a t i v e l y  
s imple  bakeout .  
If t h e  mass of t h e  ceramic i n  a space electr ic  power system 
were e q u a l  i n  w e i g h t  t o  t h e  mass of t h e  a l k a l i  metal, t h e  
l i q u i d  a l k a l i  metal would be con tamina ted  wi th  3 0  ppm oxygen 
or 80 ppm n i t r o g e n  a s s u m i n g  t h e  worst case f o r  potassium and 
l i t h i u m  r e s p e c t i v e l y  ( e . g . ,  3Oug oxygen  per   gram  of  ceramic 
t r a n s f e r r e d  i n t o  e a c h  gram o f  a l k a l i  m e t a l  e q u a l s  3 0  ppm con- 
t a m i n a t i o n ) .   S i n c e  pract ical  sys tems may c o n t a i n  a t  least- 1 0  
times t h e  mass o f  a l k a l i  metal than  they  do  of ceramic, t h e  
con tamina t ion  i s  reduced t o  less t h a n  3 ppm and 8 ppm respec -  
t i v e l y .   F o r  small tests such as c a p s u l e  tests the   ceramic- to-  
a l k a l i  netal  weight  r a t i o  i s  s u c h  t h a t  c o n t a m i n a t i o n  is ;lossi..,-- 
ble  wi thou t  adequa te  bakeou t  and  hand l ing  and  inc reases  t h e  
p o s s i b i l i t y  of c o n t a m i n a t i o n .   T h e r e f o r e ,   t h e   p r e s e n t  ceramic 
p r e p a r a t i o n  p r o c e d u r e  o f  d y e  c h e c k i n g ,  ceramic c l e a n i n g  ( i n  
d e t e r g e n t )  a n d  c l e a n  f i r i n g  a t  2597" F i n  75%N2-25%H2 is ade- 
q u a t e  i f  t h e  p r o c e s s i n g  p r e c a u t i o n s  o u t l i n e d  below are fo l lowed.  
The  vacuum braz ing  ope ra t ion  (wh ich  was of l o n g e r  d u r a t i o n  a n d  
t ake ' s  p l ace  a t  h i g h e r  t e m p e r a t u r e  t h a n  t h e  1 0  minutes  a t  1 6 3 2 '  F 
a p p l i e d  i n  t h e  o u t g a s s i n g  s t u d y )  w a s  adequate  as a vacuum firing 
s t e p  w i t h o u t  a p r i o r  vacuum f i r i n g .  A p r i o r  v a c u u r  f i r i n g  w a s  
u s e f u l  only i n s o f a r  as i t  p e r m i t t e d  t h e  vacuum braz ing  ope ra -  
tion t o  be c a r r i e d  o u t  more r a p i d l y .  
Completed brazed assemblies should be stored i n  c l e a n  p o l y -  
e thy lene   bags .   Hand l ing   w i th   ba re   hands   shou ld  not- be pe r -  
m i t t e d .  If hand l ing ,   wh ich   con tamina te s   t he  ceramic, i s  neces- 
s a r y ,  i t  will. pro long  the vacuu:? Ei r . . i ng  of the completed systen!  
which  must be c a r r i e d  o u t  b e f o r e  t h e  i n t r o d u c t i o n  of a l k a i i  
metal i n t o  t h a t  s y s t e m .  
The completed  system ( loop ,  g e n e r a t o r ,  e t c . )  should   be  vacuum 
ou tgassed  a t  t h e  o p e r a t i n g  t e m p e r a t u r e  (1600" F ir. t h e  case 
c i ted)  f o r  t h e  time r e q u i r e d  t o  g e t  t h e  s y s t e m  p r e s s u r e  down 
t o  w e l l  below 5x10'6 to r r  b e f o r e  i n t r o d u c i n g  a l k a l i  m e t a l .  
6. Alkal i -Metal   Exposure Tests 
S ince  bore seals w i l l  be r e q u i r e d  t o  cscratc  for l o n q  perlo.:; 
of  time i n  vacuum  and an   a lka l i -meta l   vapor   (prohab1.y   po tas -  
sium) environment,   2000-hour s t a t i c  a l k a l i - m e t a l   e x p o s u r e  t e s t s  
were conducted.   Candidate  ceramics and  ceramic-to-metal  seal  
systems,  which  showed  promise a f te r  500-hour exposure  a t  1 0 0 0 c  
and 1 6 0 0 "  F i n  p r e v i o u s  tests ( r e f .  11-11, were schiduled <cy 
2000-hour tests i n  a l k a l i - m e t a l  v a p o r  a t  1690" F Gi l  t h i s  pr9- 
1 .  
gram.  Concurrent tests a t  1600O F i n  vacuum were a l so  sched- 
u l e d  t o  d e t e r m i n e   t h e  effect  of t e m p e r a t u r e  i n  vacuum. I n  
a d d i t i o n ,  i m p r o v e d  s e a l i n g  s y s t e m s  t h a t  h a d  b e e n  d e v e l o p e d  
( a n d  p r o o f  t e s t e d  d u r i n g  5 0 0 - h o u r  a l k a l i - m e t a l  tests a t  1600O F )  
on t h i s  p r o g r a m  were a l so  s c h e d u l e d  f o r  t h e  2 0 0 0 - h o u r  a l k a l i -  
metal   and vacuum tests. Dur ing   t he  course of t h i s   p r o g r a m  a 
ce ramic - to -me ta l  s ea l  sys t em w a s  scaled-up from tes t  specimen 
s i z e  t o  a 4- inch   d iameter   model  bore seal .  There w a s  some 
u n c e r t a i n t y  r e g a r d i n g  t h e  i m p u r i t y  l e v e l  a n d  p o r o s i t y  of t h e  
4 - i n c h  d i a m e t e r  b e r y l l i a  ceramic t u b e s  t h a t  h a d  b e e n  f a b r i -  
c a t e d   f o r   m a k i n g   t h e  model bore seal c a p s u l e s .   T h e r e f o r e ,  
one 4-inch diameter bore seal c a p s u l e  w a s  s e c t i o n e d  t o  pro-  
v ide  modulus-of - rupture  bars which were also s u b j e c t e d  t o  
500-hour  a lka l i -me ta l  exposure  tests a t  1600O F i n  columbium- 
1% zirconium t e s t  c a p s u l e s .  
The f a b r i c a t i o n  o f  t h e  s t a t i c  Cb-1Zr t es t  c a p s a l e s  u s e d  i n  
tlle a l k a l i - m e t a l  tests was d e s c r i b e d   i n   S e c t i o n  1 1 - B . 1 .  The 
f a c i l i t y  f o r  l o a d i n g  t es t  c a p s u l e s ,  t h e  a l k a l i - m e t a l  l o a d i n g  
procedure ,  and  tes t  c a p s u l e  c l o s u r e  were a l so  d e s c r i b e d  i n  
S e c t i o n  1 1 - B . l .  
A d e s c r i p t i o n  o f  t h e  vacuum f u r n a c e  u s e d  i n  t h e  e l e v a t e d  temp- 
p e r a t u r e  e x p o s u r e  tests may alsc be  found  in  the  same sect ion.  
T h i s  s e c t i o n  d e s c r i b e s  t h e  t es t  s p e c i m e n  l o a d i n g  d i s t r i b u t i o n  
for each  capsu le  exposure  t e s t ;  i t  a l s o  p r e s e n t s  t h e  vacuum 
f u r n a c e  t i m e - t e m p e r a t u r e  p r o f i l e  f o r  t h e  l o n g - t e r m  e x p o s u r e  
tests.  The r e s u l t s  of tests performed  on t e s t  spec imens   before  
and a f t e r  e x p o s u r e  are  a l s o  p r e s e n t e d  h e r e .  
a .  ALKALI-METAL EXPOSURE TEST PLAN 
F i v e  e l e v a t e d  t e m p e r a t u r e  exposure  t es t s  of  ceramics  
and   ceramic- to-meta l   sea l  systems were p lanncd .  
T e s t  1 - 500-hour, 1 6 0 0 "  F tests i n  potassium  and 
vacuum, of new ceramic-to-metal s e a l i n g  s y s t e m s .  
Test 2 - 500-hour, 1600° F tests i n  p o t a s s i u m  and 
vacuum, of y t t r i a  ceramic and  sec t ions  f rom 
4-inch  diameter   model   bore sea l  c a p s u l e  N o .  1. 
Test 3 - ?.OOO-hour,  1600O F tests i n  potassium  and 
vacuum,  of  the t w o  most promising ceramic- 
to-metal seal systems  determined  f rom test  1. 
T e s t  4 - 500-hour  and  2OO0-hourl  1600° F tests i n  l i t h i u m ,  
o f  t h e  t w o  bes t  ce ramic - to -me ta l  seal Fystems. 
T e s t  5 - 2000-hour tests i n  p o t a s s i u m  a t  a ternpcrature  
less t h a n  1600O F i f  a l l  specimens from t es t  3 
f a i l e d .   ( T h i s  test  was n o t  r e q u i r e d . )  
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(1) Exposure T e s t  N o .  1 
Test N o .  1 c o n s i s t e d  of f i v e  c a p s u l e s  c o n t a i n i c g  
specimens which were t o  be t e s t e d  i n  potassium 
vapor  a t  1600O F and  fou r  capsu le s  con ta iming  
specimens t o  be exposed t o  vacuun? a t  t h e  sane 
t empera ture .  Two capsu le s   (one   w i th   po ta s s ium;  
one for a vacuum con!:rr?l) c o n t a i n e d  f i v e  ceramic 
modulus-of-rupture  bars e a c h  o f  s a p p h i r e  (190% 
A l 2 O 3 ) ,  Lucalox ( 9 9 . 8 %  A 1 2 0 3 ) ,   y t t r i a   ( 3 9 . 9 9 %  Y 2 O . 3 ) '  
and Thermalclx  998 b e r y l l i a  (99.8% B e O ) .  AnGther 
c a p s u l e  f o r  p o t a s s i u m  e x p o s u r e  c o n t a i n e d  f i v e  
Thermalox 998 modulus-of-rupture bars.  
Thi r ty   modulus-of - rupture  assemblies, twelve  vacuum- 
l eak   a s sembl i e s   and   twe lve   t ab -pee l   a s sembl i e s  
(which  had  been  brazed t-o columbium-1%  zirccnium 
metal members w i t h  t h r e e  b r a z e  a ;  l o y s ;  were disrj.~jc:.7 
c q u a l l y  among s i x   c a p s u l e s .   T h r e e   c a p s u l e s   c o n -  
t a ined   po ta s s ium.   Three  were f o r  vacuum tes t .  
The th ree  b raz ing  r l l l oys  used  were 68Ti-28V-4Rc 
( w i t h   m e t a l l i z e d  B e 0 1  ; 60Zr-25V-15Cb ( w i t h  rretal- 
l i z e d  B e 0 )  ; and 4 6 Z r - 4 6 T i - 4 V - 4 B e .  Them'alox 998  
b e r y l l i a  m o d u l u s - o f - r u p t u r e  bars from t h r e e  l o t s  
of  B e 0  powder were u s e d  i n  making  the  assembl ies .  
Ana lys i s  o f  po ta s s ium in  a p u r i t y  t es t  c a p s u l e  
loaded  a t  t h e  same time as t h e  c a p s u l e s  i n  Test  
No. 1 ind ica t ed   an   oxygen   con ten t  of less t h a n  1 0  
ppm. T h i s  a n a l y s i s  was made  by a r e f e r e n c e d   s o u r c e '  ' 
using the mercury amalgamation method. 
( 2 )  Exposure T e s t  N o .  2 
T e s t  No. 2 c o n s i s t e d  of t h r e e  c a p s u l e s ,  One cap- 
s u l e  c o n t a i n e d  f i v e  B e 0  ~ o , ~ ~ ~ l u s - o f - r ~ ~ p t u r e  hars 
( sec t ioned  f rom 4 - inch -d iame te r  bo re  sea l  N o .  1) 
f o r  1600O F exposure  t o  potass ium  vapor .  A second 
ca .psu le  con ta ined  a s e c t i o n  o f  t h e  seal area from 
bore seal N o .  1. A t h i r d   c a p s u l e ,   f o r   1 6 0 0 "  F 
vacuum exposure ,  con ta ined  f ive  specimens  from 
b o r e  seal  N o .  I., f i v e  y t t r i a  m o d u l u s - o f - r u p t u r e  bars,  
and   f i ve   s apph i re   modu lus -o f - rup tu re   rods .  (Note: 
I t  was found i n  500-hour tes t  on the NAS3-4.;62 
program  ( re f .  11-1) t h a t   m i x i n g   n i g h - p u r i t y  ceramic::: 
i n  o n e  c a p s u l e  h a d  n o  a f f e c t  on t h e  t es t  r e s u l t s . )  
Ana lys i s  o f  po ta s s ium in  a p u r i t y  test  c a p s u l e  l o a d e d  
a t  t h e  same time as t h e  t e s t  c a p s u l e s  i n  Test N o .  2 
showed an oxygen content of 2 2  ppm usinc; t h c  mercury 
amalgamation method. 
"Mine Safe ty  Appl iance  Research  Corp . ,  Evans  Ci ty ,  Pennsylvania  
88 
( 3 )  Exposure Test N o .  3 
This  2000-hour,  1600O P t e s t  in  po ta s s ium and  vacuum 
c o n s i s t e d   o f   f i v e   c a p s u l e s .  One capsule   Conta ined  
f ive  modu lus -o f - rup tu re  assemblies, t w o  t ab -pee l  
assemblies, and one vacuum-tight assembly for expo- 
s u r e  i n  p o t a s s i u m  v a p o r ;  a s  w e l l  as f ive modulus-of-  
r u p t u r e  assemblies for  e x p o s u r e  i n  p o t a s s i u m  l i q u i d .  
A l l ,  were maae w i t h  Cb-1Zr metal members brazed  t o  
molybdenum-metallized  Thermalox  998 B e 0  b a r s  ( t w o  
d i f f e r e n t  l o t s )  w i t h   a l l o y  60Zr-25V-15Cb.  The second 
capsu le  con ta ined  f ive  modu lus -o f  - rup tu re ,  one  vacuum 
t i g h t  a n d  t w o  t ab -pee l  assemblies t o  be exposed  in  
potass ium  vapor .  The metal member w a s  Cb-1Zr brazed  
t o  Thermalox  998 B e 0  b a r s  !from t w o  d i f f e r e n t  lots) 
w i t h  a l l o y  5GZr-28V-16Ti.  The t h i r d   c a p s u l e   f o r  
po ta s s ium exposure  con ta ined  f ive  nodu lus -o f - rup tu re  
bars e a c h  o f  y t t r i a ,  L u c a l o x ,  a n d  s a p p h i r e  f o r  
e x p o s u r e  i n  t h e  a l k a l i - m e t a l  v a p o r  a n d  t h r e e  o f  
each  f o r  e x p o s u r e  i n  l i q u i d .  
The fou r th  capsu le ,  fo r  2000-hour  vacuum exposure  
c o n t r o l  test a t  1600°F ,  con ta ined  the  same distri-  
b u t i o n  as t h e   f i r s t   c a p s u l e   i n   t h i s   g r o u p .  T h e  
f i f t h  c a p s u l e ,  f o r  2000-hour  vacuum  exposure  control 
test  a t  1600°F,   conta ined  t h e  same d i s t r i b u t i o n  as 
t h e  s e c o n d  c a p s u l e  i n  t h i s  g r o u p .  
( 4 )  Exposure Test N o .  4 
Test N o .  4 c o n s i s t e d  o f  t h r e e  c a p s u l e s  for 500-hour 
and  2000-hour   l i thium  exposure a t  1 6 0 0 "  F. The f i r s t  
capsu le  con ta ined  f ive  modu lus -o f - rup tu re ,  one  vacuum- 
t i g h t ,  a n d  t w o  t ab -pee l  assemblies f o r  a l k a l i - m e t a l  
vapor  exposure  and f ive  modu lus -o f - rup tu re  assemblies 
f o r  e x p o s u r e   i n   l i q u i d .  All were f a b r i c a t e d   u s i n g  
Cb-1Zr metal members b razed  t o  molybdenum-metallized 
Thermalox  998 B e 0  modulus-of - rupture  bars  us ing  
a l l o y  60Zr-25V-15Cb.  The s p e c i m e n   d i s t r i b u t i o n   i n  
t h e  s e c o n d  c a p s u l e  w a s  t h e  same as t h a t  i n  t h e  f i r s t  
c a p s u l e   o f   t h i s   g r o u p .  The t h i r d  t es t  capsule   con-  
t a ined  f ive  modu lus -o f - rup tu re ,  one  vacuum- t igh t  and 
t w o  t ab -pee l  assemblies f o r  tes t  i n  l i t h i u m  v a p o r  
and  f ive  modulus-of-rupture  assemblies for  test  i n  
l iquid.   Thermalox  998 B e 0  b a r s  were j o i n e d  t o  Cb-1Zr 
meta l  m e m b e r s  u s i n g  t h e  56Zr-28V-16Ti b r a z e  a l l o y  w i t h  
molybdenum m e t a l l i z i n g .  
A n a l y s e s  o f  t h e  l i t h i u m  i n  a p u r i t y  test  capsu. le  
i n d i c a t e d  h i g h  n i t r o g e n  c o n t e n t  (437 ppmI2'. One 
2 0 A n a l y s i s  performed by  Mine Safe ty  Appl iance  Research  Corp . ,  Evans  
C i ty ,   Pennsy lvan ia  
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c a p s u i e  was removed fzmm t e s k  a f t e r  4 8 5  n m r s  a t  
1600° F. The test specimens  howed d e f h i t e  s:cj.ns 
of a l k a l i - m e t a l . a t t a c k .  The o t h e r  ~ V J O  c a p s u l e s ,  
c o n t a i n i n g  specimens f-or 260O0 F 1 L t f i i m ~  c:.cposure, 
were removed  from t e s t  a f t e r  1544  hours a t  t he  same 
time tha t  t he  2000-hour  po ta s s ium tes t  was t e rmina ted .  
b. EXPOSURE TESTING 
A l l  Cb-1Zr capsu le s  con ta in ixg  spec imens  were heated il? 
t h e   a p p a r a t u s   d e s c r i b e d   i n   S e c t i o n  I I . B . 2 .  One o f   t h e  
t w o  d u a l   f u r n a c e s  w a s  u s e d   f o r  a l l  tests. Capsules  from 
t w o  tests o f t e n   r a n   c o n c u r r e n t l y .  The f u r n a c e  w a s  s h u t  
down and  opened t o  i n s t a l l  o r  remove c a p s u l e s .  
The exposure  tests were conducLec" as foilc):?~. T h e  f u r r  ; t r c  
was pumped down w i t h  a p c r t a b i e  rotqhi.n<; p\~mp thr.wqh ;? 
c o p p e r   t u b u l a t i o n .  When t n e   s p u t t e r - i o n  pump w a s  s tarteC, 
t h e   c o p p e r   t u b e  was p i n c h e d   o f f .   P r e s s u r e  i n  t h e   f u r n a c e  
t y p i c a l l y  l e v e l e d  o u t  a t  approximate ly  l x l w "  t o r r  cold,  
and  d ropped  s t ead i ly  a t  t es t  t empera tu re  f rom the  h igh  
10-7 torr range a t  t h e  s t a r t  of  t h e  t e s t  t o  t h e  l o w  1 0 - 9  
torr r a n g e   a t   t h e   e n d  of t h e  t es t .  The tempera ture-pres-  
s u r e  d a t a  shown i n . t a b l e  1 1 - 1 2  f rom  the  second  exposure 
test  are  t y p i c a l .   D u r i n g   t h e  tes ts ,  the  bot tom  thermo- 
c o u p l e  i n d i c a t e d  t e m p e r a t u r e s  r a n g i n g  be tween 1635O and 
1643O F w i t h   a n   o c c a s i o n a l   d r o p  t o  1625O F. The v a r i a -  
t i o n  was a da i ly  cyc le  depend ing  on  ambien t  t empera tu re  
s i n c e  i n p u t  was c o n t r o i l e d  by a f i x e d  s e t t i n g  o n  a v a r i -  
a b l e   t r a n s f o r m e r .  The themlocouple  a t  t h e  top  o f   t h e  
c a p s u l e   i n d i c a t e d   a b o u t  1560O F. (The  thermocouples 
were i n s e r t e d  i n t o  a dummy capr;cI.e mounted a t  t h e  sane 
radial dis ta r .ce  f-rcjm h e  ix:d:..::,: 2,s t-.:;~: ioaded c a p s u l e s .  j 
The fu rnace  was Q p e r a t e d  so t h a t  the bott-om thermocouple 
ma tched  the  r ead i rgs  es tab l i s ixd  3ur ing  'lest 3 ~ .  1, 
The  highes-than-i6OO0 F s e t t i n g  was s e l e c t e d  b e c a u s e  it 
was b e l i e v e d  t h a t  t h e  a v e r a g e  t e m p e r a t u r e  of t h e  l o a d e d  
c a p s u l e s  was between t h e  r e a d i n g s  of the bot tom thermo- 
coup le  (1640O F) and t h e  top thermocouple (1560O F). 
c. SPECIMEN C L E A N I N G  
Af t e r  comple t ion  of t h e  t es t ,  capsules c o n t a i n i n 9  t h e  
t e s t  specimens were opened i n  the fol lowing manner:  
a 11/16- inch  hole  was dr i l l ed  i n  t h e  t o p  o f  t h e  c a p s u l e  
u s i n g   s i l i c o n e  vacuum o i l  as  t h e  l u b r i c a n t .  The c a p s u l e  
was quick ly  submerged  in  a beake r  con ta in ing  me thy l  alco- 
h o l .   A f t e r   t h e   r e a c t i o n   s t o p w d ,   t h e   c a p s u i e  idas r i n s e d  
w i t h  d i s t i l l e d  water, The end of t h e   c a p s u l e  was then  
c u t  o f f  u s i n g  a carborundum  wheel. The specimens were 
removed  and r i n s e d  i n  d e - i o n i z e d  water, methyl  alcohol, 
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TmLE 11-12. Vacuum Furnace  P r e s s u r e  Data o n   t h e  SOO-HOfir,  
1600O F Potass ium Exposure  Test of B o r e  S e a l  
Capsule  No .  1 S e c t i o n s  
L""". Time ~. 
After  weekend 
Pump-down 
furnace cold 
Myimum  Pressure 
during heat-up 
time of 26 hours 
Start of test 
After 24 hours 
After 50 hours 
After 125 hours 
After 200 hours 
After 310 hours 
I 557 hours At end of test (at  temperature) 
1 At end of test  (at  room  temperature) 
Pressure 
(torr) 
1.5 x 10-8 
2.0  x 10-6 
7 x 10-7 
2.6  x 
1.7 x 10-8 
1.0 x 10-8 
9 x 10-9 
6 . 5  x 10-9 
5 x 10-9 
2 X 10-9 
a n d   a c e t o n e   i n   t h e  l i s ted  order. The  specimens were 
dr ied i n  vacuum a t  2 0 0 °  F before  examinat ion  and  mechani -  
c a l  t e s t i n g .  
The ceramics removed  from Test N o .  4 deve loped  spontaneous  
c o n c h o i d a l  f r a c t u r e  p a t t e r n s  o n  s t a n d i n g  a f t e r  c l e a n i n g .  
Dur ing  the  l a s t  test it w a s  f o u n d  t h a t  l i t h i u m  h a d  d i f -  
fused some d i s t a n c e  i n t o  t h e  ceramic. The ceramics had 
t o  be  soaked  fo r  an  ex tended  t i m e  i n  l o w  pH a c i d  s o l u t i o n  
t o  l e a c h  o u t  t h e  l i t h i u m :  o t h e r w i s e ,  u p o n  r e a c t i o n  w i t h  
a i r ,  t h e  ceramic cracked .  IQ t h i s  method  of   c leaning  
e x p o s e d  s p e c i m e n s ,  t h e r e f o r e ,  a s o a k i n g  p e r i o d  was re- 
q u i r e d  t o  i n s u r e  removal of a l l  traces of a l k a l i  metal. 
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(1) Exposure Test N o .  1 
V i s u a l  o b s e r v a t i o n  s h o w e d  t h a t  t h e  y t t r i a  ceramic 
w a s  n o t  s i g n i f i c a n t l y  z f f e c t e d  a f t e r  5 0 0 - h o u r  e x p o -  
s u r e  to potass ium a t  1600' F. The b e r y l l i a  ceramics, 
L o t  E (see a n a l y s i s  t a b l e  B-1,  Appendix B) were d is -  
c o l o r e d .  
R e s u l t s  o f  mechanica l  tests pe r fo rmed  on  the  spec i -  
mens from Test N o .  1 arc  summarized i n  t a b l e s  11-13 
and 1 1 - 1 4 ,  The  60Zr-25V-15Cb b r a z i n g   a l l o y   u s e d   i n  
j o i n i n g  molybdenum m e t a l l i z e d  b e r y l l i a  a n d  columbium 
-1% zirconium meta l  member emerged  super ior  t o  t h e  
68Ti-28V-4Be a l l o y  wit!. m e t a l l i z e d  b e r y i l i i i  a n d  LC: 
t h e  4 6 Z r - 4 6 T i - 4 B e - 4 V  a l l o y .  
There w a s  3 1  p e r c e n t  d e g r a d a t i o n  i n  t h e  f l e x u r a l  
s t r e n g t h  i n  s p e c i m e n s  b r a z e d  w i t h  t h e  60Zr-25V-15Cb 
b r a z i n g  a l l o y  a f t e r  e x p o s u r e  t o  p o t a s s i u m ,  b u t  n o  
change i n  t a b  p e e l  s t r e n g t h  or  vacuum i n t e g r i t y .  
However, when compared to  the  spec imens  wh ich  had  
been  exposed  to  vacuum e n v i r o n n e n t  a t  t h e  same 
tempera ture   and  t i m e  p e r i o d ,  t h e  d e g r a d a t i o n  i n  
s t r e n g t h  was 1 3  p e r c e n t .  
Spec imens  brazed  wi th  68Ti-28V-4Be b r a z i n g  a l l o y  
degraded 4 2  p e r c e n t  i n  f l e x u r a l  s t r e n g t h  f r o m  t h e  
a s - b r a z e d   c o n d i t i o n .   T a b   p e e l   s t r e n g t h  w a s  e s s e n -  
t i a l l y  u n c h a n g e d ,  a l t h o u g h  t h e  a b s o l u t e  v a l u e s  were 
low.  There was no c h a x g e  Ir! ~7acuum i n t e g r i t y  o r  i n  
f l e x u r a l  s t r e n g t h  of t h e  vacuum-@xpused specimens.  
The  spec imens  brazed  wi th  4 t i Z r - 4 6 T i - 4 V - 4 B e  a.iioy 
d e g r a d e d  i n  a l l  a s p e c t s  e x c e p t  f o r  t ab  p e e l  s t r e n g t h .  
The a s -b razed  va lues  were a l s o  low. 
R e s u l t s  o b t a i n e d  on t h e  c e r a m i c s  a l o n e  ( t a b l e  1 1 - 1 4 )  
show t h a t  s t r e n g t h  of y t t r i a  was u n a f f e c t e d  by expo- 
s u r e  t o  potass ium a t  1 6 0 0 '  F f o r  500 hours.  The 
b e r y l l i a   m o d u l u s  bars ,  l o t  E ,  (this l o t  c o n t a i n e d  
150 ppm S i )  s u f f e r e d  a 20  p e r c e n t  loss in f l e x u r a l  
s t r e n g t h  a f te r  exposure  t o  potass ium when c o r q a r e d  
t o  t h e  as-received c o n d i t i o n .  
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TABLE 11-13. E f f e c t  of 500-Hour, 1 6 0 0 ° F  Potassium  Exposure on Room Temperature 
Flexural  and Tab Peel S t r eng th  o f  Bery l l i a  to Cb-1Zr Brazed Systems 
I 1 
i / I  
Tab  Peel  Strewth(b)  Test  (fraction ; Room Temperature . , 
' I Vacuum Leak 
I 
Ceramic ! Metal I Brazc Alloy ature  (Time 
Body 1 Member I (weight percent) ; ( F) ( (min)  Key Brazed 1 1600 F 1600-F 1 As 1 Brazed 1600'F 1 1600 F '1 1600'F 1 1600'F ! Tempera- Hold ' Exposed I Exposed Exposed Exposed j Exposed Exposed 500 Hrs.i 500 Hrs. , 500 Hrs. 1 500 Hrs. As 500 Hrs. 500 Hrs. 
gTghgermalox 1 Cb-1Zr 1 ;gOZ;J;Cb 1 2436 , 1; 1 
(99.8% BeO) wetting layer) 
Thermalox  Cb-1Zr  56Zr-28V-16Ti 2312 X 
998 
(99.8% BeO) 
~ ~ ~~ 
- 
22 170 17  560 15 250 52. 5 85.0 50.0,  
2 850 3 530 
5 4 
995 z2.5  i5.0 i20.0 
4 2 2 2 
20 100 16 300 13 200(d) 36.0 30.0 50.0 
16 5 5 6 2 2 
1 60G 1 250 4 100 4.0 - -  " 
- 
Key x - arithmetic  mean 
L 
s - standard  eviation 
n - number of specimens tested 
Notes: 
(3) Strength determinations were made hy lour point loading on 0. 1 inch x 0. 1 i nch  x 1 inch modulus- of-rupture specimens. Load w a s  applied at the 
(11) Tap peel  test on 0. I-inch  uide by 1 .  0-inch l o ~ r  strip pulled perpendicularly at 1.  0-inch per minute. 
( r j  Vacuum tlgllt indicates helium leak rate of < torr  liters.?sec. 
(d) Cne specimen brake at 7 000 psi in  the reramicj!lraze interface. The average I S  14 750 psi wllhout t h i s  specimer.. 
rate of 0. 1 inch per minute. 
- 
E f f e c t  of S O 0  Hours Exposure t o  Fotassium Vapor a t  
1600°F on Rocin T e m p e r a t u r e  F l e x u r a l  S t r e n g t h  of 
Selected Ceramics 
Room Temperatu 
Room Tempera ture ,  Control 
Flexurai Specimens Afte 
Unexposed Cuntrol i 1600"F, 500 hr: 
(psi) 1 Vacu:lm 
16 825 16 600 
4  260 1 2  890 4 I 5 
Specimens  only 
(Psi) 
-t-- - "--___ 
' I 1420 19 820 21 100 S 1410 
- ". K t . y  % - arithmetic average 
s - standard deviation 
n - number of specimens  tested 
Room Temperature 
Flexural  Strength(a) 
Exposed  Specimens After 
1600"F, 500 hrs in 
Potassium Vapor 
@si) 
18 600 
3 440 
4 
15 850 
2  24 
4 
"_ . ___ 
(a) Strength  determinations  were  made by four  point  loading on 0. 1 inch  x 
0. 1 inch x 1 inch modulus-of-rupt.ure spccimens. Load was applied 
at the rate of 0. 1 inch per minute.  
(b) For analysis see Appendix B.  
( 2 )  Exposure Test N o .  2 
The r e s u l t s  on  the  500-hour,  L6OO0 F potass ium ex- 
p o s u r e ,  a n d  p o s t  e x p o s u r e  e v a l u a t i o n  o f  s e c t i o n s  
from a 4- inch-diameter  model  bore seal are all re- 
p o r t e d  i n  S e c t i o n  II.C.8. 
The L u c a l o x ,  s a p p h i r e  a n d  y t t r i a  m o d u l u s - o f - r u p % m e  
b a r s  were removed from exposure capsules  h t  t h e   sa-^ 
t i m e  as t-he sec t ions   f rom  the   model   bore  seal. Test 
r e s u l t s  are p r e s e n t e d  i n  t a b l e  11-15. 
N o  e f f e c t  of potass ium exposure  on Lucalox alumina 
was no ted .   Sapph i re  showed no d e g r a d a t i o n  i n  s t r e n g t h  
a f t e r  557-hour exposure t o  potass ium a t  1600O F.  
Some s t r e n g t h  v a l u e s  for s a p p h i r e  appezr h i q h e r  a f t e r  
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TABLE 11-15. Room T e m p e r a t u r e   F l e x u r a l   S t r e n g t h  of Ceramic 
Modulus-of-Rupture B a r s  Exposed t o  Vacuum o r  
Potassium Vapor a t  1600OF for  557 Hours 
-~ . ~~ 
S p e c i m e n   D e s c r i p t i o n  
L u c a l o x ,   i n   v a c u u m  
L u c a l o x ,   i n  I< v a p o r  
L u c a l o x ,  c l e a n  f i r e d  o n l y  (a )  
L u c a l o x ,   i n   v a c u u m  500 h o u r s ( a )  
l . u c a l o x ,  i n  I i  v a p o r  500 h o u r s ( a )  
S a p p h i r e ,   i n   v a c u u m ,  capsule 
: ; a p p h i r e ,   i n  1: v a p o r ,   c a p s u l e  
S a p p t l i r e ,  c l e a n  f i r e d  o n l y  (a )  
: ; ; i ? p h i r c ,   i n  V;~CU:IDI 500 h o u r s ' " )  
Sapphire, i n  K v a p o r  500  h o u r s  (a) 
Y t t r i a ,   i n  vacuum 
Yttris, i n  E; v a p o r  
T t t r i a ,   c l e a n  fired o n l y ( c )  
Y L t r i a ,  i n  vacuum 500 h o u r s ( c )  
. .  ~. ~. . .  . . 
t ! r i a ,  i n  1: vapor  500 h o u r s  (c! 
__. ~ - . I 
!,b:GL'!.]U: n = number  of s p e c i m e n s  
n 
5 
4 
5 
2 
4 
5 
3 
5 
2 
5 
2 
1 
4 
4 
4 
- 
X = a r i t h m e t i c  m e a n  m o d u l u s  of r u p t u r e  
s = S t a n d a r d  d e v i a t i o n  
- 
X 
32 , 700 
3 2 , 1 0 0  
34 , 000  
3 3  , 000 
29,800 
76,800 
83,400 
63,100 
78,400 
76,100 
16,900 
10,600 
16,800 
16,630 
18,600 
i 
1 
S 
1 , 400 
2 , 000 
5 , 0 0 0  
3 , 5 0 0  (b) 
1 , 200 
8,100 
2,600 
2 1 , 0 0 0  
4,300 (b) 
1 1 , 0 0 0  
2,100 (b) 
" 
4,300 
2,900 
3,400 
I 
( a )  Data from Uorc S e a l  T o p i c a l   R e p o r t  NASA-CR-54093 f o r   c o m p a r i s o n .  
(b) D e v i a t i o n  of e a c h   s p e c i m e n  from t h e  arithmetic mean. 
( c )  Prom t a b l e  1 1 - 1 4 .  
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p o t a s s i u m  e x p o s u r e . ,  b u t  t h i s  is n o t  s i g n i f i c a n t  
because  of the l a r g e  scat ter  i n  data. T h i s  scatter 
i s  due  t o  random spec imen or ien ta t ion  which  occurs  
d u r i n g   t e s t i n g .   S a p p h i r e   d i s p l a y s   a n i s o t r o p y   i n  
m e c h a n i c a l   a n d   p h y s i c a l   p r o p e r t i e s .  A number of 
y t t r i a  bars b r o k e  s p o n t a n e o u s l y  a f t e r  c l e a n i n g  i n  
t h e  manner   descr ibed  earlier.  One b a r  tested had 
a f l e x u r a l  s t r e n g t h  v a l u e  of 10 ,800   ps i .   The   degrada-  
t i o n  i n  t h i s  case w a s  p robab ly  caused  by t h e  p o s t  
e x p o s u r e  p e n e t r a t i o n  of r e a c t i o n  p r o d u c t s  f o r m e d  
d u r i n g  t h e  a l k a l i - m e t a l  n e u t r a l i z a t i o n  a n d  c l e a n i n g  
o p e r a t i o n  o n  t h e  s l i g h t l y  p o r o u s  ceramic. 
( 3 )  Exposure Test N o .  3 
Room t e m p e r a t u r e  f l e x u r a l  s t r e n g t h  was de te rmined  
on brazed ceramic-to-meta.1 assemblies a f t e r  exponur.*: 
t o  p o t a s s i u m  a n d  vacuum f o r  2000  hours a t  1.600° 5 ' .  
After  each  brazed  modulus-of - rupture  assembly  w a s  
tested, o n e  s e c t i o n  of ceramic from each assembly 
w a s  tested. The l a t te r  t e s t  p rov ided  da ta  o n  t h e  
s t r e n g t h  o f  t h e  ceramic member a f t e r  it had been 
s u b j e c t e d  t o  b r a z i n g  c o n d i t i o n s  a n d  a l k a l i - m e t a l  
exposure .  
T h e s e  d a t a  a s  w e l l  a s  t a b  p e e l  s t r e n g t h  a n d  vacuum 
i n t e g r i t y  are p r e s e n t e d   i n   t a b l e  11-16.  Tab p e e l  
s t r e n g t h  w a s  de te rmined  on b razed  t a b  p e e l  assem- 
b l i e s  a n d  vacuum i n t e g r i t y  on  vacuum t i g h t  assem- 
b l i e s .  
The vacuum-tight.  assemblies remained vacuum t i g h t  
a f t e r  2000-hour  exposure a t  1600O F i n  vacuum 01- 
potass ium  vapor   env . i ra~~!xcr l t s .  T h e r e  w a s  so3.e d e -  
g r a d a t i o n  of f l e x u r a l  strength of aodulus-of-rupture 
assemblies which had b e u s  brazer!  with e i t h e c  t h e  
60Zr-25V-lSCb a l l o y  o r  the 56Zr-28V-lGTi a l l o y  Z ~ - J : : ;  
exposed  to   potassium  vapor .   However ,  a l l  except .  
o n e  o f  t h e  t e n  assemblies t e s t e d  b r o k e  i n  t h e  c e r a m i c  
On t h e  o t h e r  h a n d ,  d e f i n i t e  d e g r a d a t i o n  was found 
i n  t h e  p o t a s s i u m - l i q u i d  e x p o s e d  m o d u l u s - o f - r u p t u r e  
assemblies b r a z e d   w i t h   t h e  60Zr-25V-15Cb a l l o y .  1.n 
t h i s  case t h e  f r a c t u r e s  i n  a l l  spec imens  except  one  
o c c u r r e d  i n  t h e  b r a z e d  j o i n t .  
T h e  b r a z e m e n t  s u r f a c e  e x p o s e d  a f t e r  f r a c t ~ ~ r e  was 
d i s c o l o r e d .  Two assemblies r e t a i n e d   f u l l   s t r e n g t h .  
N o  specimens made w i t h  t h e  56Zr-28V-16Ti brazing 
a l l o y  were e x p o s e d   t o   l i q u i d   p o t a s s i u m .  An appa ren t  
d e g r a d a t i o n  o c c u r r e d  i n  s t r e n g t h  of t h e  vacuum ex- 
posed assemblies. A l l  f r a c t u r e s   o c c u r r e d   i n   t h e  
ceramic. A l l  tab p e e l   s t r e n g t h   v a l u e s  for both 
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a l l o y  s y s t e m s  w e r e  high compared t o  p r e v i o u s  tes t  
v a l u e s .  
The d e g r a d a t i o n  i n  s t r e n g t h  of brazed modulus-of-  
r u p t u r e  assemblies over t h e  ceramic a l o n e  w a s  signifi- 
c a n t  i n  t h e  test  r e s u l t s .  T h i s  may be s e e n  by com- 
p a r i n g  r e s u l t s  i n  t h e  ceramic column i n  table 11-16 
t o  t h e  s t r e n g t h  shown i n   t h e   a s s e m b l y   c o l u m n .  A 
s u r v i v i n g  ceramic bar from a b razed  modu lus -o f - rup tu re  
assembly  w a s  tested a f t e r  t h e  m o d u l u s - o f - r u p t u r e  
assembly  w a s  tested. The same f o u r - p o i n t   l o a d i n g  
t e c h n i q u e  w a s  u s e d  i n  e a c h  case. T h e   a s s e m b l y   s t r e n g t h  
varied f r o m  70 t o  8 3  p e r c e n t  o f  t h e  s t r e n g t h  i n  t h e  
ceramic a l o n e ,  when c o n s i d e r i n g  t h e  b r a z e d  assemblies 
i n   w h i c h   t h e   f r a c t u r e   o c c u r r e d   i n   t h e  ceramic. The 
modu lus -o f - rup tu re  a s sembly  s t r eng th  o f  spec imens  
exposed t o  vacuum as w e l l  as t o  p o t a s s i u m  e x h i b i t e d  
t h i s  d e g r a d a t i o n  i n  s t r e n g t h  as compared t o  t h e  
ceramic s t r e n g t h .   S i n c e   n e a r l y   e v e r y   t e s t e d  as- 
sembly  b roke  in  the  ceramic n e a r  t h e  b r a z e d  j o i n t ,  
it appeared  tha . t -  the  ceramic w a s  weakened a f t e r  t h e  
b r a z i n g  p r o c e s s  by d i f f u s i o n  o f  i m p u r i t i e s  i n t o  t h e  
ceramic. _or- by _stresse~s i n d u c e d  i n  t h e  ceramic. I t  
w a s  n o t e d  i n  t h e  p o t a s s i u m  e x p o s e d  m o d u l u s - o f - r u p t u r e  
assemblies, t h a t  t h e r e  w a s  a g r e a t e r  t e n d e n c y  t o  
b r e a k  i n  t h e  ceramic n e a r  t h e  b r a z e d  j o i n t  ( e v e n  
u n d e r  t h e  f i l l e t )  t h a n  i n  t h e  case of  modulus-of- 
r u p t u r e  assemblies i n  t h e  a s - b r a z e d  c o n d i t i o n .  
. ... 
-~~ - -. -. . . - . 
( 4 )  Exposure Test N o .  4 
T h i s  t e s t  i n  l i t h i u m  w a s  m o r e  s e v e r e  t h a n  o r i g i n a l l y  
a n t i c i p a t e d  f o r  a s t a t i c  t e s t  s i n c e  t h e  spec imens  
were s u b j e c t e d  t o  a r e f l u x i n g  a c t i o n  d u r i n g  t h e  e x -  
p o s u r e  t e s t .  One modu lus -o f - rup tu re   a s sembly   su r -  
vived l i t h i u m  e x p o s u r e  f o r  1 5 4 4  h o u r s  a t  1600' F 
a n d  r e t a i n e d  m e a s u r a b l e  s t r e n g t h  (see t ab le  1 1 - 1 6 ] .  
The  Thermalox  998 b e r y l l i a  ceramics m a i n t a i n e d  n e a r  
f u l l  s t r e n g t h  e v e n  t h o u g h  t h e  b r a z e m e n t s  d i s i n t e -  
g r a t e d  a n d  l i t h i u m  h a d  p e n e t r a t e d  t h e  ceramic t o  
a c o n s i d e r a b l e  d e p t h .  
e. PSSULTS AND ANALYSIS O F  ALKALI METAL COMPATIBILITY 
TESTS WITH TWO CERAMIC-TO-METAL SEAL SYSTEMS 
F igure  11 -38  shows  g raph ica l ly  a summary o f  t h e  r e s u l t s  
o n  t h e  e f f e c t  o f  p o t a s s i u m  a n d  elevated t e m p e r a t u r e  vac- 
uum e x p o s u r e  o n  t h e  f l e x u r a l  s t r e n g t h  o f  9 9 . 8 %  b e r y l l i a  
ceramic modulus-of - rupture  assemblies brazed w i t h  t h e  
t w o  best a l l o y s ,  60Zr-25V-15Cb ( b e r y l l i a  m e t a l l i z e d  w i t h  
M o )  and   56Zr-28V-16Ti .   F lexura l   s t rength  i s  p l o t t e d  a t  
97 
several exposure  times f o r  d i f f e r e n t  e x p o s u r e  c o n d i t i o n s  
f o r  various l o t s  of be ry l l i a ,  and  modh lus -o f - rup tu re  
a s s e m b l i e s   b r a z e d   w i t h  t w o  b r a z i n g   a l l o y s .  The l e n g t h  
o f  l i n e s  i n  t h e  figure r e p r e s e n t  t h e  s t a n d a r d  d e v i a t i o n  
enve lope   abou t   he  average f l e x u r a l   s t r e n g t h .   I n t e r p r e -  
t a t i o n  of t h e  data  may be made w i t h  t h e  a i d  o f  table 11-17 .  
As-brazed  modulus-of-rupture assemblies ( c o n s i s t i n g  o f  two 
ceramic modulus-of - rupture  bars  bu t t -brazed ,  wi th  a Cb-1Zr 
metal member b e t w e e n  t h e  b a r s )  u s u a l l y  b r o k e  a b o u t  0 . 1  t o  
0 . 2  inch  f rom the  brazement  when t h e  j o i n t  w a s  s t r o n g e r  
t h a n   t h e  ceramic. Of ten ,  t w o  o r  t h r e e   b r e a k s   r e s u l t e d .  
R e f e r e n c e  s t r e n g t h  o f  t h e  ceramic w a s  o b t a i n e d  by t e s t i n g  
c l eaned ,   unbrazed   modu lus -o f - rup tu re   ba r s .   Whi l e   t e s t ing  
spec imens  fo r  exposure  tes t  N o .  3 ,  it w a s  n o t e d  t h a t  some 
b reaks  occur red  ve ry  nea r  t he  jo in t ,  t hough  still i n  t h e  
ceramic. T h e r e f o r e ,  some o f   t h e   n e a r l y   f u l l   l e n g t h  
ceramics  remaining from the  b roken  assemblies were then  
tested. The v a l u e s   a p p e a r e d   s i g n i f i c a n t 1 . y   d i f f e r e n t  
( u s u a l l y  h i g h e r  t h a n  t h e  s t r e n g t h  o f  t h e  a s s e m b l i e s )  s o  
ceramics  remaining from a l l  t e s t e d  a s s e m b l i e s  were t h e n  
t e s t e d .  The r e s u l t i n g   d a t a  were e x t r e m e l y   s i g n i f i c a n t .  
Four l o t s  o f  b e r y l l i a  cer.mic ( f igure  11-38  and  tab le  €3-1, 
Appendix B) h a v i n g  d i f f e r e n t  s t r e n g t h s  were u s e d  i n  t h e  
exposure  tests.  The h i g h e r   s t r e n g t h  of l o t  AA r e s u l t e d  
f r o m  t h e  s l i g h t l y  smaller cross s e c t i o n  of t h e s e  b a r s  
sec t ioned  f rom the  4- inch  d iameter  ceramic b o r e  s e a l  t u b e .  
T h i s  ceramic w a s  i n   t h e   a s - b r a z e d   c o n d i t i o n .   I n   t a b l e  
11 -17 ,  comparisons are made acco rd ing  t o  percentage  change 
f r o m  t h e  a s - r e c e i v e d  s t r e n g t h  v a l u e s .  
By a s t u d y  of t h e  d a t a  plciitcd ii-q fi.5ur.e 11-38 a r-unber 
of c o n c l u s i o n s  may be drawn frclln t h e  i n t e r r e l a t i o n s h i p s  
of  ceramic l o t s ,  b r a z i n g  a l l o y  Czrnperatures, and exposure  
c o n d i t i o n s  . 
1) The room t e m p e r a t u r e   s t r e n g t h  of t h e   b r a z e d  B e 0  
ceramic d i d  n o t  a p p e a r  t o  b e  a f f e c t e d  by 1600O F 
vacuum ex o s u r e  f o r  500 h o u r s  o r  2 0 0 0  hour s .  
Ceramics-kzeT w i t h  a l l o y  60Zr-25V-15Cb (b raz -  
i n g  t e m p e r a t u r e  2436O F) were a f f e c t e d  less by 
1600O F vacuum exposure  than cerami-cs brazed  
w i t h  56Zr-28V-16Ti (b raz ing   t empera tu re  2372O !?). 
2 )  The e f f e c t   o f   a l k a l i  metal va. o r s  o n   t h e  room 
t e m p e r a t u r e  f l e x u r a l  s t r e n g t h s t h e  E e O  ceramic 
i s  s l i g h t  a f t e r  500- and  2000-hour  exposure t o  
p o t a s s i u m  o r  500- and  1544-hour  exposure t o  
l i t h i u m .  When t h e   s t r e n g t h  of a l k a l l - m e t a l  
vapor exposed ceramic is  compared t o  vacuum 
exposed ceramic r a t h e r  t h a n  t o  t h e  a s - r e c e i v e d  
ceramic, t h e  e f f e c t  of a l k a l i  metal is even 
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CD 
CD 
Thermalox 938 1 Cb- 1 Zr 
99.8%BeO 1 Berylha 
Thermalox 998 Cb- 1 Zr 
Beryllia 
99.8% Be0 
Thermalox 998 Cb- 1 Zr 
99.8% Be0 
Thermalox 998 Cb- 1 Zr 
99.8% Be0 
Beryllia 
Beryllia 
TbFrmalfJx 998 cb- 1 zr 
49. a%  eo 
Berylha 
Tkmalox 998 Cb- I Zr 
99.8% Be0 
BergUi? 
Thermalox 998 Cb- 1 Zr 
Berylha 
99.8% Be0 
99.8% Be0 
99.8% Be0 
Thermalox 998 C b  1 Zr 
Beryllia 
99.8'6 Be0 
i 
Braze 
Temperature 
i Flexural St;ength(c) 
: ; After Exposure Noted j 
j I  i , m the  Test Environment : 
! !  Column @si) j Tab  Peel  Strength(e) Vacuum Le& Test(') + After Exposure Noted 
Environment \ j of Rupture 1 Ceramic 1 Column 
Potasslum 25 500 I 90 
Vapor j s j 2 100 I I ZOO 
2000 hours ; n ; 5 ,  5 ;  2 
Test I ]BrazedMcdulus' ! Ln the  Test Environment 
at 1600°F Key ' Assembly Only(d) i (pounds/inch) (fractlonvacuum  tight) 
Column 
i  
60Zr-25V-15CX~ 2462 None I 
Tested 
None 
Tested 
56Zr-28V-16Ti 2372 
4/4 
60Zr-25V-15Cb 2462 Vacuum  25 800 1 70 
2 
56Zr-28V-16Ti Vacuum 30 
ZOO0 hours I n 5 1  2 
2/2 
2 100 ! *lo 313 
60Zr-25V-15Cb 2462 1 Lithium 1 k 1 (k) 
Vapor I 487 hours 1 E 1 0/2 
(k) 21 000 (k) None 
Liquid 2 700 
5 i Teated 
2 200 2 1  000 0) 
Vapor 0/2(1) 
1544 hours n 1 (m) 5 ,  
56Zr-28V-16Ti  Lithium ic (k I 
Vapor S 1 600 
1544 hours n 5 
Lithium x k) 19 400 -1- ,
S Liquid 4 500 1 
1544 hours n f r !  
- 
I 1 Tested 
TABLE I I .- 16.  C o n t i n u e d  
U 
0 
0 
Key: 6 - arithmetic  mean 
'j - standard deviation 
n - number of specimens  tested 
A l l  I N , I . )  I l i : l  i . ~ . r amics  I J I ~ ~ : I ~ I I ~ ~  11.0111 tllc Pntsh Berylliuln Compan~-. CheIlliStl!. alld deilsity of 
sc~vi,ral III~S \ \crc' ~ ~ > ~ ~ r t ( . t l  i l l  .4p xmclis U. 
Brazing was conducted by heating s10w:y In a  vacuum  furnace to 2102°F for the  56Zr-28V-16Ti 
alloy and holdlng for 10 minutes; then raising to 2372°F and holding for 5 minutes. For the 6OZr- 
25V-!5Cb alloy, the telnperature was raised to 2202'F, held for 10 minutes; then raised to 2462°F 
and  held  for 5 mlc-<utea.  Thc gressure  during  heat-up  and  brazing  did not exceed 1 x t o r r .  
All ceramics  brazed  with  60Zr-25V-15Cb  alloy  were  metallized  with  molybdenum  before b r a z w .  
Strength  determinations  were  made by four point lwding on two 0. 1  inch x 0. 1 Inch x 1 inch m d c l u s -  
c'i-rupture sp+v3mcns t r a m 5  to Cb-1Zr metal. The load was applied at the rate of 0. 1 inch per minute. 
All assemblies broke ; I I  the ceramic near the joint unless otherwise noted. The strength of as-brazed 
assen~bl ies   b razed  with 60Zr-25V-15Cb  ranged  from 21 100 to 23 300 psi  among several   lo ts  of beryllia. 
For 56Zr-ZSV-16T1, tl:e riil-qe was 18 700 to 20 890 psi.  
After  breaking  the  SraLed  s;wclmen.  a  remaking  section of the  ceramic  was  tested  by  the  same  method 
as  described in ( c )  .Ls-rrc.ived srreigth oI the ceramic ranged from 19 800 io 24 700 psi. 
Tab  peel  tests  were n,i;lt. 'J , I  0. I Inch wide by 1 .0  inch  long  brazed  strip of IJb- 1Zr  pulled  perpendicularly 
f r m  the  ceramic st i .  0 inc.1 wr minute. Tab peel strength of as-brazed  specimens  ranged from 50 to  
65 pounds p r  inch fnr che CO'Zr-25V-15Cb alloy and 30 to 47 Ibiin. for 56Zr-28V-16Ti alloy. 
VT - vacuum tight indlcatrs 9 helium  leak  rate of less  than 10-9 torr- l i ter   per   second.  
Too varied to calcLlate s. The actual strength values were: 2 500, 2 100, 13 400, 24 300, and 22 600. 
The assembly showing 41'20 ps i  result proved to be incompletely brazed. All specimens broke in the 
braze except the 13 MO spe;.imen which broke at the ceramic-braze interface. 
One  specimer.  broke at  T O O G  psi   a t  the ceramic-braze  interface,   o thers   i r :   the   ceramic  near   the  braze 
joint. 
One s p e c m e n  u'as intact. The metal pulled off with no measurable force.  
Specimen w a s  not sui1:;ble for  a  test. 
Micro leak. Specimen vas intact. 
[ K O  One specimen tes!?.i, .!t:,ers not suitable for a test .  
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FIGURE T I - 3 8 .  Graphic Summa,y of Room Temperature   Flexural   Strength  of   Thermalox 998 
Beryllia Bzrs and Brazed Modulus-of-Rupture Assemblies as Associated 
with Various Exposure Condit ions 
TABJAE 11-1.7. Summary of E f f e c t s  C f  16OO"F Vacu'illl and Pc-tasciurn 
Exposure on Room T e m p e r a t u r e  F l e x u r a l  S t r e n g t h  of 
Modulus-of-Rupture B a r s  and Room Temperature  
S t r e n g t h  of Modulus-of-Rupture Assemblies 
B e r y l l i d  L o t  Number 
a n d  Brazing Alloy 
I C h a n g e   i n
1 t'lexdr81 S t r e n g t h  I F l c x u r a l   S t r e n g t h  C h a n g e   i n  
, .  I A f t e r  500 H o u r s  1 A f t e r  2000 H o u r s  
(a1 I E x p o s u r c  a s  Noted E x p o s u r e  as Noted 
L o t  No.  B r a z i n g  Alloy (PCKCCPt) L ! p e r c e n t )  ___" _.___"._.__ 
t f f e c t  of v a c u u m   e x p o s u r e  on c e r a m i c s  compared t o  c l e a n - f i r e d  
m a t e r i a l  ( b )  ( c )  
BeO-M - 4  - 
UeO-LI 60Zr-25V-l5Cb(Mo) - t 2 2  
1:eo-ic 56Zr-2RV-16Ti + 5  
ReC-R I ~ L. ___""., -. 4 
E f f e c t  of v a c u u m   e x p o s u r e   o n  ceramics I n  MOR assemtllles coripared 
t o  c l e a n - f i r e d  material  (c) 
7UeO-n 60Zr-25V-l5Cb(Elo)  ~- - - 1 4  iieo-13 56Zr-28V-16Ti  - 1 -24  t3eo-L: 60Zr-25V-l5Cb(Mo) - 2 1  I - 
E f f e c t  o f  p o t a s s i u m  e x p o s u r e  o n  ceramics c o m p a r e d  t o  c l e a n - f i r e d  
mater ia l  (b '  (c) 
UeO-M  -19 - 
BeO-D 60Zr-25V--lSCb(!lo) - +21 
B P 0 - n  56Zr-28V-16Ti  - - 6  
B G - E  - " 
E f f e c t  of p o t a s s i u m  exposl.ir.2 on c,*-.raT;'.: i.7 Y C ?  a?;c"~b1.1~?s compared 
to c l e a n - f i r e d   m a t e r i a l  ") 
"" . .I."- 
T J ~ O - B  
BeO-E 
LleO-B 56Zr-28V-lGTi 
COZr-25V-l5Cb(Mo) 
-. - . .-. . -. " - . - -._ ". . 
60Zr-25V-lSCb(Flo)  7-l 1 - :, -! 
- 3 2  
" 
E f f e c t  rJf p o t a s s i u m   e x p o s u r e  on ceramics m i n u s  ~aruurn e x p o s e d  
c f f c c t  (ll) - i  
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TABLE 11-17. Continued 
I Change i n  
60Zr-25V-l5Cb(blo)  
GOZr-25V-l5Cb(Mo) 
56Zr-28V-I   6Ti  
SGZr-28V-16Ti 
602r-25'J-l5Ch(Mo) 
GOZr-25V-l5Cb(Mo) 
60Zr-25V-I5Cb(Mo) 
60 i~ r -25V-L5Cb(Ho)  
6OZr-25V-l5Cb(Ho) 
60Zr-25V-l5Cb(Mo) 
'iG:!r-?8V-l6'i'i 
5GZr-2DV-lGTi 
Vacuum 
Potassium 
Vacuum 
Potassium 
Vacuum 
A s  B r a z e d ,  2436OF 
Potassium 
As Drazcd ,   251GOF 
AS I ; .FOZC+,  I S  : 6  ~ r 
AS J l r a z c d ,  243G0r 
As B r a z e d ,  2 3 7 0 ° F  
f o r  5 min. 
for 5 n i n .  
Cor '; r i g .  
f o r  5 min .  
f o r  5 min. 
for 5 m i n .  
AS Hrazc?d, 2370°F 
-)ti 
-?O 
- 3 1  
-31 
-17 
- 4  
- 2 0  
-24 
t2G 
+1: 
- 2 0  
- 4  
iess. However, i t  nay b e   n o t e d   t h a t   b e r y l l i a  
lot E ,  c o n t a i n i n g  150  ppm S i ,  showed m o r e  s ig -  
n i f i c a n t  d e g r a d a t i o n  i n  alkali metal t h a n  t w o  
o t h e r  iots of lowe:: S i  be r~7 l l i . a  ceramic. This 
d a t a  v e r i f i e d  the data r e p o r t e d  p r e v i o u s l y  
( r e f .  11-11. 'rii<.- ~;a~:ra:;z-aph above def ixes  t h e  
th~!rmaI.-vacuum e f f e c t s  cn t h e  v a r i o u s  lots of 
R e O .  T!;c: 2eg ree  of d i f f e r e n c e s  among t h e  v a r i -  
o u s  l o t s  of po ta s s ium expI sed  B e 0  i s  less i f  
t he  thenna l -vacuum e f fec t  on each  l o t  i s  
s u b t r a c t e d .  
3 )  The b r a z i n g  process a p p e a r s  t o  have  caused  reduc-  
t i o n  of t h e  ceranic-to-metal a s s e m b l y  s t r e n g t h  
as ccmpared t o  t h e  ceramic s t r e n g t h  i n  the   vac-  
uum exposed  specimens.   This  loss i n   b r a z e d  
a s s e m b l y  s t r e n g t h  i s  n o t  u s u a l l y  n o t e d  on as- 
b razed  assemblies so  may be associated w i t h  
i m p u r i t y  p i c k u p ,  o r  l o c a l i z e d  stress i n  t h e  
ceramic !iear t h e  b r a z e  j o i n t ,  o r  c r a c k  {notch 
s e n s i t i v i t i e s  d u e  t o  g r i n d i n g  t h e  ceranic members). 
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4 )  There w a s  d e g r a d a t i o n  i n  brazed   assembly  sIr .rength 
i n   a l k a l i - m e t a l  vapor exposed specimens. The 
d e g r a d a t i o n  by l i t h i u m  w a s  much more se‘.rere than 
by potassium.  However, i t  may be noted  i n  the 
exposed s p e c i m e n s  t h a t  both assembly and ct.r;imic: 
s t r e n g t h ,  e s p e c i a l l y  t h e  l a t te r ,  t ended  t o  e x h i -  
b i t  smaller s t a n d a r d   d e v i a t i o n s .   T h i s  may i n d i -  
cate a r e d c c t i o x  i n  t h e  s u r f a c e  f l a w  concerlira- 
t i o n  w i t h  a r e s u l t i n g  r e d u c t i o n  i n  stress risers 
w h e r e   f r a c t u r e  i s  i n i t i a t e d .  -
5 )   A l t h o u g h   t h e   s t r e n g t h - r e d u c i n g   e f f e c t   o f   t h e  
b r a z i n g  p r o c e s s  o n  t h e  a s s e m b l i e s  seemed t o  be 
a b o u t  t h e  same f o r  b o t h  b r a z i n g  a l l o y s ,  t h e r e  
w a s  a s u b s t a n t i a l  over-all  r e d u c t i o n  of b o t h  
ceramic and assembl s t r e n g t h s   ( f i g u r e   1 1 - 3 8 ]  
assoclated wit., + t h e  assemSlies brazer! with 5 6 % ~ -  
28V-16Ti a l l o y .  ln a l l  compzrisons W ~ C ! ~ C ? Q I -  
e x c e p t i o n ,  t h e  u s e  o f  60Zr-25V-15Cb a l l o y  re- 
s u l t e d   i n   s t r o n g e r  assemblies. Refe rence  t o  
t a b l e  11-16  shows t h a t  t h i s  s u p e r i o r i t y  a l so  
a p p l i e s  t o  tab p e e l  s t r e n g t h .  
.
A n o t h e r  s i g n i f i c a n t  e f f e c t  seems t o  be a ceramic 
s t r e n g t h e n i n g  e f f e c t  associated w i t h  t h e  Z O Z r -  
25V-15Cb b r a z i n g   a l l o y .   T h i s   o c c u r r e d   i n  t h e  
case o f  BeO,  l o t  EA. 
6)   Desp i t e  some n e g a t i v e   x p o s u r e   f f e c t s ,  results 
are very  encouraging.   The l o w  S i   Thermalox  998,’ 
60Zr-25V-15Cb/Cb-lZr combination w a s  s e l e c t e d  
f o r  f a b r i c a t i o n  of f o u r - i n c h  diameter model b o r e  
seals on t h e  basis of data  o b t a i n e d  e a r l y  i n  t h e  
program. l i e s ~ i - k  .I:: i . ! ~  subseyu.ent  tests cleari;. 
c o n f i r m e d  t h i s  c h o i c e .  
f .  ANALYSIS OF THE i3e0 (60Zr-25V-15Cb) /Cb-iZr SYS?‘C:: 
An a n a l y s i s  of t h e  f i n a l  s e l e c t e d  s y s t e m  was performed.  
Photomicrographs of  cross s e c t i o n s  f r o m  t h e  4 - i n c h  d i m -  
e ter  b o r e  seal No. 1 (tr ial  braze assembly)  are shown 
i n  f i g u r e  11 -39 .   Seve re   e ros ion   o f   t he  ceramic and 
r e a c t i o n   w i t h   t h e  Cb-1Zr  a f t e r  b r a z i n g  i s  e v i d e n t .  The 
r e a c t i o n  z o n e  a p p e a r s  t o  be 1a rqe i .y  a s o l i d  s o l : , l t i o n .  
More d e t a i l e d  e x a m i n a t i o n s  were made o f  b razed  specimens 
( f i g u r e s  1 1 - 4 0  and 1 1 - 4 1 ) .  Cross s e c t i o n s   o f   b o t h   t h e  
modulus-of-rupture and vacuum t i g h t  a s s e m b l i e s  were made. 
Microstructures o f  a l l  t h r e e  e x p o s u r e  c o n d i t i o n s  are  s i m i -  
lar .  A g a i n ,   e r o s i o n   o f   t h e  B e 0  a n d   e x t e n s i v e  reactior; 
w i t h   t h e  Cb-1Zr a f t e r  b r a z i n g  is shown.  The r e a c t i o n  
z o n e  c o n s i s t s  m o s t l y  of a s o l i d - s o l u t i o n  p h a s e  w i t h  
e n t r a p p e d  g r a i n s  of B e 0  and scme e u t e c t i c .  
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NO 
(a) As Brazed 
Cb-1Zr 
-Braze 
:erial 
ion 
FIGURE 11-39. Photomicrographs Showing Cross-Sections  of  Brazed 
J o i n t s  From 4-Inch Diameter by 4-Inch-High Bore 
Seal  Capsule  N o .  1 as Brazed and After Exposure 
t o  Potassium a t  1600O F f o r  500  Hours. (70X and 
400X Before Photo Reductions) 
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Reaotion Zone 
Reaotion Zone 
Fleaotian Zone 
Reaotion Zone 
Cb-1Zr 
, - A I Reaotion Zone 
FIGURE 11-40.  Photomicrographs  Showing  Cross-Sections From Sandwich Type 
Vacuum Leak Tightness  Assemblies and Modulus-of-Rupture Bars 
of Alloy 60Zr-25V-15Cb Between Cb-1Zr and Thermalox 998 
(99.8% BeO) After Various Exposure Conditions,  350X 
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Cb-1Zr 
Reaction  Zone 
Braze 
0.006-in. Thiok 
60Zr-25V-15Cb 
Reaction Zone 
Thermalox 998 
(99.846 BeO) 
Vaouum  leak  tightness  assembly Joint afte.. 500 
Vaouum  tight after exposure. 
hours  exposure to vaouw at 160O0F. 
Vacuum  leak  tightness  assembly Joint after 500 
hours  exposure t o  potassium at 16000~. 
Vaouum  tight after exposure. 
Modulus-of-rupture  assembly Joint after 500 
hours exposure to vaoum at  1600"~. 
Modulus-of-rupture  assembly  joint after 500 
hours exposure  to  potassium at 1600~~. 
Modulus-of-rupture  assembly  joint in the 
as-brazed  oonditlon. 
Note: The reaotion zone between  the  braze and Be0 
reaction zones oonsist  mostly of Eolld- 
is shorn  in esoh  photomiorograph. lhese 
solution phase vlth entrapped grains of Be0 
and some  euteotio  but they are not Blear at 
this nagnifioation. I n  (b) this was 
partially  removed  during  polishing. 
Etohmt: 30 m l  laotio  sold, 30 m l  IIN03, 
10 m l  HF. 
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I, 
Cb-1Zr Cb-lZr 
Reaotion Zone 
Cb-1Zr 
Reaotion Zone 
FIGURE 11-41. Photomicrographs  Showing  Cross-Sections  From  Sandwich  Type 
Vacuum  Leak  Tightness  Assemblies  and  Modulus-of-Rupture  Bars 
of Alloy 68Ti-28V-4Be  Between Cb-1Zr and  Thermalox  998 
(99.8% BeO)  After  Various  Exposure  Conditions, 350X 
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. .,. .I - .  
0.004-in.  'hiok 
Reaotion  Zone 
Tnermrlox 998 
Vaouwn leak tightness  assembly Joint after 500 
hours exposure to vaouwn at 1600~~. 
Vaouwn  tight after exposure. 
hours exposure  to  potassium at 16000~. 
Vaouwn  leak  tightness  assembly Joint after 500 
Vaouwn  tight  after  exposure 
Modulus-of-rupture  assembly Joint after 500 
hours exposure to vaouum at 16000~. 
Modulus-of-rupture  assembly Joint after 500 
hours  exposure to potassium at  16000~. 
Modulus-of-rupture  assembly  Joint in the 
as-brazed  oondition. 
Note: The reaction  zone between the  braze and Be0 
reaotlon zones  consist  mostly of solid- 
is shown in eaoh  photomiorograph. mese 
solution  phase  vlth  entrapped grains of Be0 and 
and some  euteotio but they are not  olear at 
this ragnifloation. 
Etchmt: 30 ml  laotio  aoid, 30 m l  € N O  
10 ml HF. 3' 
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The r e a c t i o n  z o n e s  of t h e  vacuum t i g h t  s p e c i m e n s  are 
t h i n n e r  a n d  a p p e a r  t o  have a f i n e r  g r a i n  s t r u c t u r e .  
T h e  w e i g h t s  u s e d  i n  t h e  b r a z i n g  f i x t u r e s  i n  b r a z i n g  
t h e s e  s p e c i m e n s  r e s u l t e d  i n  much h i g h e r  p r e s s u r e  p e r  
u n i t   a r e a   d u r i n g   b r a z i n g .   A p p a r e n t l y ,  some of t h e  
b r a z i n g  a l l o y  had been squeezed out to  t h e  sides d u r i n g  
t h e  b r a z i n g  cycle; r e s u l t i n g  i n  m o r e  r a p i d  s a t u r a t i o n  
by columbium and f a s t e r   s o l i d i f i c a t i o n .  
The w h i t e  phase shown i n  t he  a s -b razed  spec imens  nex t  
t o  t h e  Cb-1Zr metal member w a s  s i g n i f i c a n t l y  d i f f e r e n t  
f r o m  t h e  c o r r e s p o n d i n g  f a i h t  p h a s e  i n  t h e  e x p o s e d  s p e c i -  
mens.  The c o n t r a s t  w a s  e v e n  g r e a t e r  a t  h ighe r   magn i f i -  
c a t i o n .  A t  800X and   h igher ,  a f i n e  p a r t i c u l a t e  p h a s e  was 
o b s e r v e d  a l i g n e d  p a r a l l e l  t o  t h e  Cb-1Zr s u r f a c e  i n  t h i s  
sur face  phase  of  the  exposed  spec imens .  
N o  e tching method was found in  which t h e  b e r y l l i a  a n d  
r eac t ion  zone  were shown c l e a r l y  w i t h o u t  o v e r e t c h i n g  
t h e  Cb-1Zr me ta l  member.  The f i n e  g r a i n e d  a n d  q u i t e  
homogeneous s t r u c t u r e  o f  t h i s  a l l o y ,  compared t o  t h e  
o t h e r s ,  i s  probably  a s i g n i f i c a n t  r e a s o n  f o r  i t s  s u c c e s s .  
The s e v e r e  e r o s i o n  o f  - the  ceramic d i d  n o t  a p p e a r  t o - b e  
-, b r a z i n g   c o n d i . t i o n s   t h a t  ~ r e s u l t e d  - " 
7.  Proper t ies   o f  Ceramic- to-Meta l  Seals 
Mechanica l  proper ty  tests were conducted on ceramic- to-metal  
seal  a s sembl i e s  made with two of the  most  promis ing  seal sys-  
tems. The fo l lowing  tests complement   hose   a l ready   repor ted  
a n d  a i d  t h e  d e s i g n e r  i n  h i s  a p p l i c a t i o n  of' b o r e  s e a l s  t o  s p a c e  
electric p o w e r   s y s t e m s .   E l e v a t e d   t e m p e r a t u r e   f l e x u r a l   s t r e n g t h  
was determined on ceramic-to-metal  modulus-of-rupture asszm- 
b l i e s .  Two-inch d i a m e t e r   b e r y l l i a  Cb-1Zr  model b o r e   s e a l  as- 
semblies were s u b j e c t e d  t o  a combina t ion  e l eva ted  t empera tu rz  
vacuum leak and  thermal  shock test. A two-inch  diameter  model 
bo re  sea l  a s sembly  w a s  a l s o  s u b j e c t e d  t o  v i b r a t i o n  tests. 
a. ELEVATED TEMPERATURE FLEXURAL STRENGTH TESTS 
There was  no known i n f o r m a t i o n  a v a i l a b l e  o n  t h e  e l e v a t e d  
t e m p e r a t u r e   s t r e n g t h  of ceramic- to-metal  seals. T h i s  
proper ty  has  not  been  de termined  because  the  s tandard  
ASTM C L " 1 5  brazed  ceramic tes t  specimen is n o t  read i ly  
a d a p t e d  t o  t e s t i n g  a t  h igh  t empera tu res .  
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The modulus-of-rupture  assembly adopted on this  program 
for e v a l u a t i o n  o f  p o t e n t i a l  c e r a m i c - t o - m e t a l  seal sys tems 
w a s  u s e d  f o r  t h e  e l e v a t e d  t e m p e r a t u r e  s t r e n g t h  tests. 
Two Thermalox  998  bery l l ia  modulus-of - rupture  bars  (0.1- 
inch by 0.1-inch by 1.1-inch long) w e r e  bu t t -b razed  to -  
g e t h e r  w i t h  a columbium-1% zi rconium metal member (0.010- 
i n c h   t h i c k )   b e t w e e n   t h e  ceramic bars .   Specimens w e r e  
made w i t h  t h e  60Zr-25V-15Cb active metal b r a z i n g  a l l o y .  
The  ends  of  the  ceramic b a r s  w e r e  m e t a l l i z e d  w i t h  molybdenum 
b e f o r e   b r a z i n g .   S i x   b r a z i n g   r u n s  w e r e  made t o  f a b r i c a t e  
the   modulus-of - rupture  assemblies. The s t a n d a r d   b r a z e  
c y c l e  f o r  t h i s  a l l o y  w a s  a p p l i e d  as d e s c r i b e d  i n  S e c t i o n  
I I .C .4 .b(3) .   The   modulus-of - rupture   assembly   permi ts   addi -  
t i o n a l  t e s t i n g  o f  t h e  ceramic m e m b e r  a f t e r  t h e  b r a z e d  
j o i n t s  had  been  eva lua ted .  
Eleva ted  tempera ture  modulus-of - rupture  tests were con- 
d u c t e d  i n  t h e  m a n n e r  r e p o r t e d  i n  S e c t i o n  11-B .4 . a .  
Specimens w e r e  i n   t h e   a s - b r a z e d   c o n d i t i o n .  Test r e s u l t s  
a r e  shown i n  t a b l e  11-18.  The d a t a   i n d i c a t e   n e a r l y   c o n -  
s t a n t  s t r e n g t h  as a f u n c t i o n  o f  t e m p e r a t u r e  t o  1600" F. 
S i n c e  a l l  m o d u l u s - o f - r u p t u r e  a s s e m b l i e s  e x c e p t  o n e  b r o k e  
i n  t h e  ceramic, it is  c o n c l u d e d  t h a t  t h e  b r a z e  j o i n t  re- 
m a i n s   s t r o n g e r   t h a n   t h e  ceramic t o  1600O F. The d a t a  on 
t h e  ceramic s t r e n g t h  r e p o r t e d  h e r e  a r e  c o n s i s t e n t  w i t h  t h e  
known s t r e n g t h  v e r s u s  t e m p e r a t u r e  b e h a v i o r  o f  h i g h - p u r i t y  
b e r y l l i a  r e f e r e n c e d  i n  A p p e n d i x  C .  
b. VIBRATION TESTS O F  TWO-INCH DIAMETER MODEL BORE 
SEAL ASSEMBLIES 
Twenty-four sets of  Thermalox 998 (99.8% B e O )  ceramics 
fo r  2 - inch  by 2- inch  bore  seal  tubes  and  back-up  r ings  
were rece ived   f rom  the   vendor .   The   vendor ' s   ana lys i s  
i s  shown i n  Appendix B (Lo t  B e O - G ) .  
A l l  ceramics p a s s e d  d i m e n s i o n a l  i n s p e c t i o n ,  b u t  e x c e s -  
s i v e   s u r f a c e   p o r o s i t y  and  roughness w e r e  no ted .  Dye 
c h e c k i n g  r e v e a l e d  many p o r e s  i n  a l l  o f  t h e  c e r a m i c  
p a r t s .   C r a c k s  were found i n  5 tubes   and  3 back-up 
r i n g s .  A l l  c racked  ceramics were r e j e c t e d .  The 1 9  
a c c e p t e d   t u b e s  were f o u n d   t o   b e   l e a k   t i g h t .  The 2- 
i n c h  d i a m e t e r  v i b r a t i o n  t e s t  assembly i s  shown i n  
f igu re   11 -13 .  I t  c o n s i s t e d   o f  a 2- inch  outs ide  diam- 
eter by 1 . 8 - i n c h  i n s i d e  d i a m e t e r  by 2- inch  long  B e 0  
t u b e ,  two washe r - l i ke  Cb-1Zr f l a n g e s  a n d  two 2-inch 
o u t s i d e  diameter by  1 .8 - inch  in s ide  d i ame te r  by  0.2- 
i nch   l ong  B e 0  b a c k - u p  r i n g s  ( f i g u r e  1 1 - 4 2 ] .  
C e r a m i c s  and metals were c leaned  and  prepared  by  the  
s t a n d a r d   p r o c e d u r e s  (see Appendix A) . Assemblies were 
i n d i v i d u a l l y  b r a z e d ,  u s i n g  s i m p l e  g r a p h i t e  j i g s  i n  t h e  
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Elevated  Temperature Flexural Strength of 
Molybdenum  Metalized Beryllia-Colurr,bi~t~~-1~ 
Zirconium Assemblies Brazed. with 5 O Z ~ 2 5 v - 1 5 C b  
Flexural S t r e n g t h  
of Brazer!  
R u p t u r e  
Assemblies (a) (b) 
( p s i )  
Modulus-of- 
2 0  , 500  
26,40t)  
33,500 ( C )  
2 3 , 2 0 0  
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FIGURE 1 1 - 4 2 .  Subassembly of 2-Inch Diameter by  2-Inch 
Long Thermalox  998  (99.8% B e 0 1  - (Cb-1Zr) 
V i b r a t i o n  T e s t  Specimen Brazed with 6 0 Z r -  
25V-15Cb A l l o y  
FIGURE 11-43. Brazed 2-Inch Diameter by  2-Inch  Long 
Thennalox 998  (99.8% BeO)  - (Cb-1Zr) 
V i b r a t i o n  T e s t  Specimen Brazed with 
60Zr-25V-15Cb Al loy  
113 
vacuum braz ing  fu rnace ,  by  the  s t a n d a r d  p r o c e d u r e  for 
Alloy  60Zr-25V-15Cb w i t h  molybdenum-m~ta l~- ized  ceramic. 
The   brazed   assenbly  is shown i n  f i g u r e  11-43. Onc back- 
u p  r i n g  u s e d  for t h e  s e c o n d  assembly d i d  n o t  seat prop- 
e r ly .  Th i s  a s sembly  w a s  re -brazed  a t  2500" F u s i n g  addi- 
t i o n a l  b r a z i n g  material. The assembly was l e a k  tight 
a f t e r  r e - b r a z i n g ,  b u t  t h e r e  w a s  e x c e s s i v e  f i l l e t i n g .  
The narrow metal flar.ge be tween  the  ceramic tube and 
b a c k - u p  r i n g  h a d  c r a c k e d  r a d i a l l y  i n  t h r e e  p l a c e s .  The 
back-up  r ing  on  the  same end had  a l so  c racked  i n  one 
p l a c e .  
The end r ing on one other  assembly did not  seat  p r o p e r l y  
a f t e r  b r a z i n g  d u e  t o  imprope r  c l ea rance  . i n  t h e  b r a z i n g  
j i g .   Th i s   a s sembly  was made l e a k  t i g h t  by r e - b r a z i n g   a t  
2552'' F. 
Although  one of t h r e e  b r a z e d  assemblies remainec! lz<:k- 
t i g h t  a f t e r  t h e  v i b r a t i c n  t es t ,  i t  was a p p a r e n t  t h a t  
t h e  a s s e m b l y   d e s i g n   c o n t r i b u t e d   t o   t h e   f a i l u r e . ,  T h e  
washer - l ike  Cb-1Zr f langes   be tween  the  ceramic t.xbe 
and  back-up  r ings were too wide  and too s t i f f .  The  
washer  should have been designed with ap. of f - se t  n e a r  
t he  ce ramic - to -me ta l  j o in t  .as i n  +.?IF < - i n c h  d i  :.l;T:eter 
bore  s ea l  t es t  a s sembl i e s .  T h i s  p e r n i t e d  p!ast;.c de- 
f o r m a t i o n  a n d  r e l i e v e d  t h e  j o i R t  of e x c e s s i v e  stresses. 
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FIGURE 11-44. Two-Inch D i a m e t e r  Thermalox  998  (99.8% Be01  - 
(Cb-1Zr) Thermal  Shock  and Vacuum Leak A s s e m -  
b l i e s  B r a z e d  w i t h  60Zr-25V-15Cb Alloy 
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D i f f i c u l t y  w a s  e n c o u n t e r e d  i n  f a b r i c a t i n g  l e a k  t i g h t  
( l e a k  rate less than 10-9 torr-liters p e r  s e c o n d )  
assemblies i n  t h e  2 - i n c h  d i a m e t e r  c o n f i g u r a t i o n .  
T h e r e f o r e ,  t h e  c h a n g e  i n  l e a k  rate w a s  de te rmined  
be fo re  and  a f te r  thermal  shock  tests r a t h e r  t h a n  a 
s i m p l e   d e t e c t i o n   o f  a l eak .   Brazed  assemblies are 
shown i n  f i g u r e  11-44.  The test r e s u l t s   i n d i c a t e d  
a n  i n c r e a s e  i n  t h e  l e a k  rate w i t h  a n  i n c r e a s i n g  num- 
ber of  t h e r m a l  cyc le s .   See   f i gu re   11 -45 .  
8 .  F a b r i c a t i o n  of Four-Inch  Diameter   by  Four-Inch  Bervl l ia-  
to-columbium-l% Zirconium  Model Bore Sea l  Capsu le  
The p u r p o s e  o f  t h i s  t a s k  w a s  t o  c o n s t r u c t  a l a r g e r  model 
bo re  seal c a p s u l e  f o r  e n d u r a n c e  t e s t i n g  i n  p o t a s s i u m  a n d  
h igh  vacuum w h i l e  p o s i t i o n e d  i n  a h i g h  t e m p e r a t u r e  s t a to r  
c a v i t y .   ( T h e   s t a t o r   t e s t i n g  i s  d e s c r i b e d  i n  ( r e f .  11-21.  
The bore seal assembly was c o n s t r u c t e d  u s i n g  t h e  best s e a l i n g  
system a s  de termined  ear l ier  i n  t h i s  p r o g r a m .  The  Thermalox  998 
( 9 9 . 8 %  b e r y l l i a j  p o r t i o n o f  t h e  b o r e  seal  c a p s u l e  was 4- inches  
i n  d i a m e t e r  by 4 - inches   l ong .  To p r o v i d e  a n  i n t e r m e d i a t e  s t e p  
i n  s c a l i n g u p  f rom the  1 /2- inch  d iameter  t es t  p i e c e s ,  b o r e  
seals 2 i n c h e s  i n  d i a m e t e r  by 2 i n c h e s  l o n g  were t o  be 
f a b r i c a t e d  and s u b j e c t e d  t o  mechanical  and vacuum i n t e g r i t y  
tests. Because  of an u n e x p e c t e d l y  l o n g  d e l a y  i n  d e l i v e r y  o f  t h e  
2-inch by 2 - i n c h  b e r y l l i a  ceramics, t r ia l  b r a z e s  were made 
wi th  2 - inch  d i ame te r  by  1 /2 - inch  long  be ry l l i a  ce ramics  
which were a v a i l a b l e .  The 2-inch  by  2-inch  specimens were 
f a b r i c a t e d  a n d  t e s t e d  l a te r  i n  t h e  p r o g r a m  ( S e c t i o n  1 1 - C . 7 . ) .  
Two l e a k  t i g h t  assemblies were made wi th  the  2- inch  Thermalox  
998  (99 .8% be ry l l i a )  ceramic and Cb-1Zr metal member u s i n g  
act ive-metal   braze  a l loy  56Zr-28V-16Ti .   Subsequent-   mechanical ,  
a lka l i -me ta l  and  vacuum integrity tests silowed t h a t  ceramic- 
to-meta l  seals made w i t h  Thermalox 398 (99 .8% bery i1 i .a )  , 
(60Zr-25V-15Cb)  and Cb-1Zr  metal member were s u p e r i o r .  The 
f a b r i c a t i o n  a n d  p o t a s s i u m  l o a d i n g  of 4- inch  d iameter  bore 
s e a l  c a p s u l e s  u s i n g  60Zr-25V-15Cb is d e s c r i b e d  i n  t h i s  s e c t i o n .  
a. DESIGN 
The model bore seal c o n s i s t e d  o f  a 4- inch  outs ide  d iam-  
e te r  by 4-inch long 99.8% B e 0  t u b e  w i t h  a 0.1- inch-thick 
wall ,  two  4 - inch  ou t s ide  d i ame te r  by  3 .6- inch  ins ide  
d i a m e t e r  by 0.2- inch long B e 0  back-up  r ings ,  two Cb-1Zr 
end   p ieces ,   and  a Cb-1Zr f i l l  t u b e  ( f i g u r e  1 1 - 4 6 ) .  The 
w a l l  o f  t h e  l a r g e  b e r y l l i a  c y l i n d e r  was 0.2- inch thick 
a t  t h e  e n d s  t o  p rov ide  a g r e a t e r  b r a z i n g  a r e a  a t  t h e  
seal. The end   p i ece  was made h e m i s p h e r i c a l  t o  e q u a l i z e  
stresses when a d i f f e r e n t i a l  p r e s s u r e  i s  imposed on the 
c a p s u l e .  The  Cb-1Zr t u b u l a t i o n  was machined so t h a t  a 
cap  cou ld  be  e l ec t ron -beam we lded  on  the  end  a f t e r  l oad -  
ing  wi th  po ta s s ium.  
116 
I 
10- 
10- 
10- 
10- 
FIGURE 11-45. Leak Rate a t  1300O F * 2 G o  F as a F u n c t i o n  of 
Thermal Shock Cycles on Two-Inch Diameter Therma- 
lox (99.8 BeO) t o  Cb-1Zr Specimen 
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"A" I 
4.005" 
3.995" 
I  
- Maintain  concentricity  within 0. 004-inch  total   indicator   reading 
when brazing. both ends.  
FIGUP.: I i - 4 G .  Bore Sea l  Capsule  f o r  C o m p a t i b i l i t y  Test 
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LI. CERAMIC INSPECTION AND TESTING 
S i x  sets of  Thermalox  998  (99.8% bery l l ia )  ceramics ( t u b e s  
and back-up r ings)  were o r d e r e d  f o r  t h e  4 - i n c h  diameter 
bore sea l   capsu le s .   F igu re   11 -47   shows  a 4 - i n c h   b e r y l l i a  
t u b e   a f t e r   d y e   c h e c k i n g .  The v e n d o r ' s   s p e c t r o g r a p h i c  
a n a l y s i s  i s  shown i n  table 1 1 - 1 9 .   S i l i c o n   c o n t e n t   o f   t h e  
s t a r t i n g  B e 0  powder was 65 ppm. T h i s  w a s  h i g h e r  t h a n  t h e  
50 ppm s p e c i f i e d .   O t h e r   s i g n i f i c a n t   p o i n t s  are: 
1) I r o n   c o n t e n t   o f   t h e   f i r e d  ceramic is  lower 
t h a n   t h a t   o f   t h e   p r e - f i r e d   p o w d e r .   T h i s  i s  
c o n t r a r y  t o  t h e  v e n d o r ' s  n o r m a l  e x p e r i e n c e  
( r e f .  11-10 1. 
2 )  S i l i c o n   c o n t e n t   i n   t h e   f i r e d   b e r y l l i a  i s  h i g h e r  
t h a n  t h e  s t a r t i n g  p o w d e r  ( 7 5  ppm ve r sus  65  ppm) 
as is  u s u a l l y  f o u n d  ( r e f .  11-10) . 
3 )  The decrease i n  s o d i u m   c o n t e n t   a f t e r   f i r i n g  i s  
normal ( r e f .  11-1 .0)  b e c a u s e   o f   v o l a t i l i z a t i o n  
d u r i n g  t h e  s i n t e r i n g  p r o c e s s .  
4 )  N o  explana t ion   for   the   change   in   magnes ium  con-  
t e n t  was o f f e r e d  by t h e  s u p p l i e r  ( r e f .  1 1 - 1 0 ] .  
The  ceramics were i n s p e c t e d  f o r  d i m e n s i o n a l  t o l e r a n c e  a n d  
a l l  were a c c e p t a b l e  e x c e p t  f o r  e x c e s s i v e  s u r f a c e  p o r o s i t y  
and roughness .  Dye c h e c k i n g   r e v e a l e d  many s i z a b l e   p o r e s  
( f i g u r e  1 1 - 4 7 ) .  Leak   check ing   d i sc losed  t w o  l e a k i n g  cera- 
m i c  t u b e s .   F i v e   o f   t h e   c y l i n d e r s  were re t a ined   and   one  
vacuum l e a k e r  w a s  r e t u r n e d   f o r   r e p l a c e m e n t .   S u b s e q u e n t l y  
a l e a k - t i g h t   r e p l a c e m e n t   c y l i n d e r  w a s  r e c e i v e d .  One re- 
jected c y l i n d e r  w a s  r e t a i n e d  f o r  c e r a m i c - t o - m e t a l  p r o c e s s  
development.   The  ceramics were f i r e d ,   t h e n   c l e a n e d  ac- 
c o r d i n g  t o  p r o c e d u r e s  r e p o r t e d  i n  Appen.dix A ,  MP-1. 
c .  PREPARATION OF METAL MEMBERS 
End bells (f igure  11-46  and  11-48)  were hydroformed  from 
0 .015- inch- th ick  C b - 1 Z r  a l l o y  s h e e t  a n d  t h e n  c l e a n e d  by 
t he   p rocedure   r epor t ed   i n   Append ix  A. The t u b u l a t i o n  
was welded t o  t h e  t o p  e n d  b e l l  by electron-beam welding.  
Tlle e n d  b e l l  was found t o  w a r p  e a s i l y  d u e  t o  t h e  d i f -  
fe rence  be tween tube  wal l  t h i c k n e s s  a n d  t h i c k n e s s  of t h e  
end b e l l  (see t o p   o f   f i g u r e   1 1 - 5 2 ] .  A second set was 
made usuab le  b y  b a c k - b r a z i n g  t h e  j o i n t  w i t h  a l l o y  6 0 Z r -  
25V-15Cb d u r i n g  h e a t  t r e a t m e n t .  A m o d i f i e d   t u b e   d e s i g n  
p e r m i t t i n g  e a s i e r  w e l d i n g  w a s  devised  and  was u s e d  i n  
subsequen t  metal members. The modified d e s i g n  was a l s o  
used  i n  t h e  2 - i n c h  b y  2 - i n c h  b o r e  seal test  assemblies, 
r e p o r t e d  i n  S e c t i o n  I I - C . 7 . c .  
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C i r c l e d  S p o t s  I n d i c a t e  Pores 
.. , . 
FIGURE 11-47.  Photograph of Thermalox 398 (99 .8% BeO)  Tube 
A f t e r  Dye P e n e t r a n t  Check 
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TMLI.: 11-19.  Analyses  of B e r y l l i a  Powder  and  Fired Ceramics 
for t he  Four - Inch  Diameter by Four-Inch High 
B e r y l l i a  T u b e s  
l- 
I 
c"- "_I_- 
Ready  to Press 
Powder  
60 
65 
65 
65 
700 
12 
2 
10 
1 
< 1  
2 
(b) 
2 
< 3  
50 
< 1  
2 
3 
< 20 
- . . . . - -  -" -. . . - - 
bpm) 
After   F i r ing  Fired  Stock 
In Plat inum  Crucible  (from &in. 
(control   sample)  diam  tube) 
70 70 
50 45 
210 75 
75 75 
850 620 
< 3  8 
2 2 
8 8 
< 1  <1  
< 1   < 1  
2 2 
(b) (b) 
4 < 2  
< 3  < 3  
30 30 
< 1   < 1  
< 2   < 2  
3 3 
< 20 < 20 
- 
I 
"~ 
I (a) Spect rographic   ana lyses   represent ing   the   average  of three s e p a r a t e  ' nna lyses  f rom th ree  samples .  On a l l  e lements  except  Mg,  the  
var ia t ion was ?-5 ppm from the values  shown. Analyses by Brush  
Beryllium Company. 
I(b) Not detected.  
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M o l y b d e n u m  
” ’  M e t a l l i z e d  
I .  R e q i o n  , R i n g  I r o n - C o n t a m i n a t e d  , Be0 B a c k - u p  
Be0 B a c k - u p  
Ring , 
F I G U R E  11-48. Sub-Assembly of a  Model  Four-Inch  Diameter 
Thermalox  998 (99.8% BeO) - (Cb-1Zr)  Bore 
Seal 
122 
The f l a n g e s  o n  t h e  e n d  b e l l s  w e r e  f l a t t e n e d  by t h e  
fo l lowing  procedure :  
1) The f l a n g e  was mounted i n  t h e   f i x t u r e   ( f i g u r e  
1 1 - 4 9 )  w i t h  t h e  q u a l i t y  a n a l y s i s  s p e c i m e n .  
2 )  The f i x t u r e  was then   moun ted   i n   t he   6 - inch  
vacuum b r a z i n g   f u r n a c e   ( S e c t i o n  I I - C . 2 . c . ) .  
3 )  The p a r t s  were h e a t e d  t o  2200" F wh i l e   keep ing  
t h e  f u r n a c e  p r e s s u r e  b e l o w  1x10'5 torr. 
4 )  The t empera tu re  w a s  h e l d  a t  2200O F f o r  t w o  
hours  and cooled t o  room tempera tu re  unde r  
vacuum. 
The above procedure a l so  a n n e a l e d  t h e  Cb-1Zr e n d  b e l l .  
The ana lys i s  spec imen  w a s  a l - i n c h  s q u a r e  s h e e t  f r o m  t h e  
same l o t  of  materials a s  t h a t  u s e d  i n  m a k i n g  t h e  e n d  b e l l .  
Th i s  shee t  accompan ied  the  end  be l l  t h rough  eve ry  hand l ing  
s t e p  d u r i n g  b o r e  s e a l  m a n u f a c t u r e  so t h a t  a n  estimate of 
impur i ty  p i ck -up  cou ld  be  made i f  d e s i r e d .  
d. CERAMIC METALLIZING 
The  4-inch b e r y l l i a  t u b e s  a n d  b a c k - u p  r i n g s  were m e t a l l i z e d  
as desc r ibed  in  Append ix  A ,  MP- 1. (See also r e f .  11-11 .) 
e. MODEL BORE SEAL B R A Z I N G  
Pa r t s  f o r   t h e   $ - i n c h   b o r e  seal  No. 1, r e a d y  f o r  b r a z i n g ,  
are shown in   f i gu re   11 -48 .  The m e t a l l i z i n g  shows as t h e  
d a r k   s u r f a c e   o n   t h e   e n d s   o f   t h e   c e r a m i c .  The d a r k   s p o t s  
o n  t h e  s i d e  of t h e  c e r a m i c  are  i n t e r n a l l y  s t a i n e d  re- 
gions which were a t t r i b u t e d  t o  m i n u t e  i r o n  o x i d e  i n c l u -  
s i o n s .  ( D u r i n g   s i n t e r i n g   t h e   i r o n   r e a c t s   w i t h   a n d   d i f -  
f u s e s  i n t o  t h e  B e 0  ( r e f .  1 1 - 1 0 ]  . )  
(1) Four-Inch  Diameter  Bore  Seal  Capsule N o .  1 
( t r i a l  b r a z e )  
The f i r s t  b o r e  seal  c a p s u l e  was brazed  as f o l l o w s :  
a l l o y  60Zr-25V-15Cb w a s  a p p l i e d  by t h e  powder  method 
d e s c r i b e d  i n  Appendix A .  P r e p a r a t i o n   o f   t h e   a l l o y  
powder  was  descr ibed  in  Sec t ion  I I -C.2 .b .  
P a r t s  were a s s e m b l e d  i n t o  t h e  b r a z i n g  f i x t u r e  ( f i g u r e  
11-50)  and  the  braz ing  run  w a s  conducted as  p re -  
v i o u s l y   d e s c r i b e d  i n  S e c t i o n  I I - C . 2 .  Hold time 
w a s  f i v e   m i n u t e s   a t  2426O F. The a c t u a l  time-tem- 
p e r a t u r e / p r e s s u r e  h i s t o r y  f o r  t h e  b r a z i n g  r u n  i s  
shown i n   f i g u r e  11-51.  The a c t u a l   r u n  was  preceded 
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TIJNGSTEN WEIGHTS ( 1 . 8 5  lb) 
LOADING WAS 
END BELL FLANGE 
I A 1 2 0 3  SUPPORT BLOCK 
FIGURE 11 -49 .  Schematic  of End B e l l  F lange   Level ing  
F i x t u r e  for t he  Four - Inch  Diameter Model 
Bore  Sea l s  
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FIGURE 11-50.  Photograph  of Four-Inch Diameter Model Bore 
S e a l  i n  t h e  B r a z i n g  F i x t u r e  
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Four-Inch B o r e  Seal  No. 1 ( T r i a l )  
HOURS 
Four-Inch Bore  Sea l  N o .  2 
HOURS 
F I G U R E  11-51. Time-Temperature  Brazing Curves of Thermalox 998 
(99.8% BeO) - (Cb-1Zr) Model  Bore Seals No. 1 and 
2 Using  Active  Brazing  Alloy 60Zr-25V-15Cb and 
Molybdenum  Metallizing 
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by a t r ia l  r u n  ( w i t h  n o  b r a z i n g  a l l o y ,  but u s i n g  
t h e  same components) t o   i n s u r e   t h a t   t h e   d e s i r e d  
t i m e - t e m p e r a t u r e  p r o f i l e  c o u l d  be achieved .  
Examinat ion  of  the  bore  seal a f t e r  b r a z i n g  i n d i -  
c a t e d  t h a t  a good braze had been made, although a 
generous  amount   of   a l loy  had  been  used.  The a l l o y  
a l s o  a p p e a r e d  g r a i n y  i n  s p o t s ,  as i f  c o m p l e t e  melt- 
ing   had   no t   been   ach ieved .  Good,  even f i l l e t i n g  o n  
t h e  o u t s i d e  o f  t h e  seal was n o t e d  w i t h  a n e g l i g i b l e  
a m o u n t  o f  a l l o y  f l o w i n g  o n t o  t h e  o u t e r  w a l l  o f  t h e  
ceramic ( f i g u r e  11-52] . 
S i n c e  a r e j e c t e d  ceramic c y l i n d e r  w a s  u s e d  f o r  t h i s  
trial r u n ,  t h e  l e a k  t i g h t n e s s  o f  t h e  seal  w a s  un- 
c e r t a i n .  The l e a k  ra te  a f t e r   b r a z i n g  was  t.he same 
as  t h a t  o f  t h e  ceramic a l o n e . .  The b razed  bo re  seal 
w a s  f i l l e d  w i t h  d y e  and  p l aced  in  the  vacuum-pres su re  
t e s t  a p p a r a t u s .  Dye p e n e t r a t e d  a t  two p o i n t s   ( f i g -  
u r e  1 1 - 5 2 ) ,  p r e v i o u s l y  shown t o  be the  approx ima te  
p o i n t  of l eakage  of t h e  ceramic b e f o r e  b r a z i n g .  
( 2 )  Four-Inch  Bore  Seal   Capsule  No. 2 
A welded and back-brazed top end bel l  w a s  u s e d  i n  
th i s   assembly .   Ceramic- to-meta l   b raz ing  was p e r -  
f o r m e d  a s  f o r  b o r e  seal  N o .  1 e x c e p t  t h a t  less 
b r a z i n g   a l l o y  w a s  u s e d .   I n   a d d i t i o n ,   t h e   b r a z i n g  
t empera tu re  was r a i s e d  t o  2462O F t o  o b t a i n  a more 
complete  melt. 
A f t e r  b r a z i n g ,  t h e  j o i n t s  e x h i b i t e d  e v e n  f i l l e t i n g  
w i t h  no excess o r  d e f i c i e n c y  of a l l o y  e v i d e n t .  
Mel t ing  appeared  to  be  comple te  and  no  fur ther  
c h a n g e s  i n  p r o c e d u r e  a p p e a r e d  t o  b e  n e c e s s a r y  f o r  
s u b s e q u e n t  b r a z i n g  o f  4 - i n c h  b o r e  s e a l s .  
( 3 )  Four-Inch  Bore  Seal   Capsule  N o .  3 
The same procedure  and  b raz ing  t empera tu re  w a s  
a p p l i e d  o n  b o r e  sea l  N o .  3 as had been used for  
b o r e  seal  N o .  2 .  A l though   t he   f l ange  on t h e   m e t a l  
end  members  had  been f l a t t e n e d  by t h e  same proce-  
d u r e  t h a t  h a d  b e e n  a p p l i e d  o n  t h e  f l a n g e s  f o r  t h e  
f i r s t  t w o  model bore seals, t h e  f l a n g e  o n  o n e  e n d  
o f  b o r e  seal N o .  3 w a r p e d  s l i g h t l y  d u r i n g  b r a z i n g .  
B o r e  s e a l  N o .  3 was n o t  vacuum l e a k  t i g h t .  
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ONE INCH 
, .-_ 1 ". ". . , . 
FIGURE 11-52. Photograph  of Thermalox  998  (99.8% B e O )  - 
( C b - 1 Z r )  B r a z e d  Bore S e a l  Capsule N o .  1 
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( 4 )  Four-Inch Bore Sea l   Capsu le  N o s .  4 and 5 
Bore s e a l  capsule ' N o .  4 was b razed  wi.t.h b r a z e  a l l o y  
60Zr-25V-15Cb a t  2 4 6 2 "  F. A back-b razed   end   be l l  
w a s  used.  A g o o d   b r a z e   j o i n t  was o b t a i n e d   a l t h o u g h  
t h e  b r a z e  f i l l e t  o n  t h e  i n s i d e  s u r f a c e  of the  back-  
up r i n g  w a s  h e a v i e r  t h a n  i n  t h e  f i r s t  t w o  bore  seal  
c a p s u l e s .  
The b r a z i n g  r e s u l t s  o n  b o r e  seal c a p s u l e  N o .  5 were 
t h e  same as  t h a t   o b t a i n e d  on bore  seal N o .  4 .  The 
Cb-1Zr t u b u l a t i o n  w a s  electron-beam welded t o  t h e  
Cb-1Zr e n d  b e l l  as b e f o r e ,  b u t  w a s  no t  back -b razed .  
f .  INSPECTION AND TESTING 
The f o l l o w i n g  p o s t - b r a z i n g  i n s p e c t i o n  and tcstkng procc- 
d u r e  w a s  devised  for  the  4- inch  model  b o r e   s e a l   c a p s u l e s .  
Brazed j o i n t s  were inspec ted  unde r  the  s t e reo -mic roscope  
fo r  comple t eness  o f  me l t ing  and  fo r  p rope r  amoun t  of 
b r a z i n g   a l l o y .  The b r a z e d   s e a l  w a s  mounted i n  a c o l d  
vacuum p r e s s u r e  t e s t  a p p a r a t u s   ( f i g u r e   1 1 - 5 3 ] .   T h i s  
appa ra tus  cons i s t ed  o f  a vacuum chamber at tached t o  and 
evacuated  by t h e  vacuum system of  a Veeco hel ium mass 
s p e c t r o g r a p h   l e a k   d e t e c t o r .  The bo re   s ea l   a s sembly  was 
suspended   f rom  the   top   f lange  so t h a t  when the  chamber 
w a s  evacuated  a 1 5  p s i  d i f f e r e n t i a l  p r e s s u r e  e x i s t e d  
f r o m   t h e   i n s i d e   t o   t h e   o u t s i d e   o f   t h e   b o r e  sea l .  T h i s  
s i m u l a t e s  the p r e s s u r e  d i s t r i b u t i o n  t h a t  was expec ted  
i n   o p e r a t i o n .  Also, t h e   p r e s s u r e   d i f f e r e n t i a l  m g s t  be  
a p p l i e d  i n  t h i s  way because  the  Cb-1Zr end members were 
too t h i n  t o  w i t h s t a n d  t h e  opposite d i f f e r e n t i a l .  w i t h o u t  
buck l ing .  He l ium g a s  w a s  i n j e c t e d   i n t o   t h e   b o r e  seal t o  
check  leakage .  
Bore  Seal  No. 2 passed  the  above  test  on the  second  t r y .  
A l e a k  i n d i c a t i o n  o b t a i n e d  on t h e  f i r s t  t r y  was t r a c e d  
t o   t h e   t u b i n g   c l a m p e d  t o  the bore  seal  t u b u l a t i o n .  The 
l e a k  w a s  found by f i l l i n g  t h e  b o r e  s e a l  w i t h  t h e  d y e  
s o l u t i o n  as  f o r  b o r e  sea l  N o .  1. 
B c r e  sea ls  N o s .  4 and 5 were l e a k - t i g h t ;  no l eak   be ing  
d e t e c t a b l e  a t  a s e n s i t i v i t y  of 10-9 atm - cc/sec. 
Bore seal  c a p s u l e s  were p r e p a r e d  f o r  f i l l i n g  w i t h  p o t a s -  
sium by c l e a n i n g ,  as fo l lows :  
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/ Helium ( 1 5  p s i a )  
B o r e  S e a l  
Vacuum  Chalrlber 
D a s e  P l a t e  
t 
T o  L e a k  D e t e c t o r  
FIGURE 11-53. Schematic of a Four-Inch  Diameter Model 99.8% 
Be0 - (Cb-1Zr) Bore  Seal in Room Temperature 
Vacuum/Pressure  Testing  Apparatus 
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1) The  dye,   which  had  been  used  for   inspect ion,  
w a s  washed o u t  w i t h  a c e t o n e  a n d  t h e  bore seal 
w a s  a i r  d r i e d .  
2 )  S t a i n s  were removed from t h e   o u t s i d e  of t h e  
ceramic by l i q u i d  h o n i n g .  
3 )  S t a i n s   o n   t h e  Cb-1Zr metal members were re- 
moved w i t h  b r i e f  e x p o s u r e  t o  40 par ts  HNO3,  
1 0  p a r t s  HF. 
4 )  The bore seal assembly w a s  baked  out  a t  1470O F 
f o r  one hour a t  a p r e s s u r e  of <5x10'6 torr. 
J u s t  p r i o r  t o  p l acemen t  in  the  e l ec t ron -beam we ld ing  
chamber,   bore seal  N o .  4 w a s  f i r e d  f o r  1 0  minutes  a t  
1 4 7 0 O  F a t  a p r e s s u r e  less than  5x10'6 torr .  Bore seal 
N o .  4 was inc luded  fo r  po ta s s ium load ing  wi th  a group 
of Cb-1Zr test capsules  used  for  ho ld ing  modulus-of -  
r u p t u r e  t es t  specimens.   About  four  grams  of  potassium w a s  
p u t  i n  t h i s  b o r e  seal  c a p s u l e  a n d  t h e  c l o s u r e  w a s  made 
by electron-beam  welding.   This   model   bore  seal   capsule  
(No. 4 )  w a s  u s e d  i n  t h e  s t a t o r  e n d u r a n c e  t e s t  ( re f .  11-21. 
The assembly i s  shown i n   f i g u r e   1 1 - 5 4 .  
g .  EVALUATION O F  FOUR-INCH BORE SEAL  CAPSULE NO. 1 
A s u b t a s k  was s t a r t e d  t o  e v a l u a t e  t h e  s t r e n g t h  a n d  p o t a s -  
s i u m  c o r r o s i o n  r e s i s t a n c e  of t h e  ceramics used t o  manu- 
f a c t u r e   t h e   4 - i n c h  model b o r e   s e a l   c a p s u l e s .   T h i s  w a s  
mot iva ted  by t h e  q u e s t i o n a b l e  v i s u a l  a p p e a r a n c e  o f  t h e  
ceramics  d i s c u s s e d  i n  S e c t i o n  I I - C . D . . b .  
An o u t l i n e  of t h e  s u h t a s k  i s  given  below: 
1) Twenty  modulus-of-rupture  bars  and  two ceramic/ 
me ta l  seal  samples  were c u t  from  4-inch  diam- 
e te r  t r i a l  b r a z e  b o r e  seal  c a p s u l e  N o .  1. 
2 )  Five   modulus-of - rupture   bars  were t e s t e d   i n  a 
p o t a s s i u m  c o m p a t i b i l i t y  c a p s u l e  a n d  f i v e  i n  a 
vacuum c a p s u l e  f o r  500 hour s  a t  1600O F. 
3 )  A f t e r  e x p o s u r e ,   t h e   t w e n t y   b a r s  were t e s t e d  t o  
d e t e r m i n e  t h e  a s - f a b r i c a t e d  s t r e n g t h  i n  t h e  
l o n g i t u d i n a l  d i r e c t i o n  a n d  a s - f a b r i c a t e d  
s t r e n g t h  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n .  
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F I G U R E  11-54.  Photograph of Thermalox  998  (99.8% B e 0 ) -  
(Cb-1Zr)   Bore  Seal   Capsule  No. 4 Brazed 
w i t h  60Zr-25V-15Cb A l l o y .   ( T h i s   b o r e  seal ,  
c o n t a i n i n g  p o t a s s i u m ,  w a s  u s e d  i n  t h e  
s t a t o r  e n d u r a n c e  t e s t . )  
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Modulus-of-rupture bars were c u t  i n  a n  a x i a l  d i r e c t i o n  
from t h e  0 . 1 - i n c h - t h i c k  s e c t i o n  o f  t h e  4-inch c y l i n d r i c a l  
ceramic tube .  They were then  diamond  ground t o  a s q u a r e  
c ros s   s ec t ion .   Because  o f  t h e  r a d i u s  of curvat.use of  
t h e  c y l i n d e r ,  i t  was n e c e s s a r y  t h a t  t h e  f i n i s h e d -  b a r s  
b e  s l i g h t l y  smaller than  t h e  s t a n d a r d  0 . i - i n c h  by 0.1-inch 
bars normally  used  on  this   program. T h e  b a r s  were 
c l e a n e d  a n d  c l e a n - f i r e d  i n  t h e  same manner as t h e  n o r -  
mal ceramic  modulus-of-rupture   bars .  Ten bars were 
s e l e c t e d  a t  random f o r  l o a d i n g  i n t o  c a p s u l e s  a n d  t e s t i n g  
a s  d e s c r i b e d   i n   S e c t i o n  I I - C . 6 .  Two samples   s ec t ioned  
from t h e  seal a r e a  were p o l i s h e d .  One was i n s e r t e d  i R  
a C b - 1 Z r  c a p s u l e  f o r  p o t a s s i u m  v a p o r  e x p o s u r e  a t  l G O O o  F 
for 500 hours .  
A f t e r  t e s t i n g ,  t h e  f i v e  bars expcsed  to  po ta s s ium vapor  
had  turned  gray  i n  c o l o r  b u t  no o t h e r  v i s i b l e  E f f e c t s  
were noted.  No c h a n g e s   i n  t h e  vacuum exposed  samples 
were noted .  
A l l  of t h e  modulus-of-rupture   bars  were tested. R e s u l t s  
a r e  shown i n  t a b l e  11-20.  Th i s  ceramic appea red   t o   be  
s l i g h t l y  s t r o n g e r  t h a n  o t h e r  l o t s  o f  B e 0  r ece ived  du r ing  
t h e  p a s t  two y e a r s ,  a l t h o u g h  t h i s  may r e f l e c t  t h e  s l i g h t l y  
s m a l l e r  s i z e  o f  t h e  b a r s  (see Appendix c ) .  
The s t rength  compares  to t h a t  o f  b a r s  t h a t  h a v e  b e e n  
brazed  above  the  normal   brazing  temperature .  I t  was 
p o s t u l a t e d  t h a t  t h e  h i g h e r  p o s t - b r a z e  s t r e n g t h s  c o u l d  
be   the  r e s u l t  o f  a h e a t  t r e a t m e n t  e f f e c t .  P o s s i b l y  
t h e  same e f f e c t  i s  be ing  shown he re .  N o  pre-brazed 
specimens from the 4-inch diameter c y l i n d e r s  were a v a i l a b l e ,  
There was a l s o  less d e g r a d a t i o n  i n  f l e x u r a l  s t r e n g t h  t h a n  
f o r  l o t  BeO-E used. i n  t h e  e a r l i e r  5 0 0 - h o u r  p o t a s s i u m  
c o m p a t i b i l i t y   r u n .  N o  s i g n i f i c a n t  d i f f e r e n c e  i n  s t r e n g t h  
b e t w e e n  t h e  l o n g i t u d i n a l  a n d  c i r c u m f e r e n t i a l  d i r e c t i o n s  
was noted . 
The potassium exposed specimen of t h e  s e a l  area from bore 
seal  N o .  1 and of the matching unexposed specimen were 
mounted  and  pol i shed  for  meta l lographic  examinat ion .  
Micrographs of  these specimens are shown i n  f i g u r e  1 1 - 3 9 .  
F o u r  s i g n i f i c a n t  f e a t u r e s  were noted:  
1) The as-brazed ceramic was c racked   nea r  t he  
i n s i d e  s u r f a c e  o f  t he  c y l i n d e r  i n  a d i r e c t i o n  
i n d i c a t i n g  r a d i a l  t e n s i l e  f o r c e s  on t h e  ceramic. 
The cracks  apparent ly  formed a f t e r  c o o l i n g ,  
s i n c e  o n e  c r a c k  i n  t h e  seal specimen put  on 
test  i n  t h e  p o t a s s i u m  test capsule  ex tendet !  
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T-LE 11-20. E f f e c t  of 500-Hour, 1600OF Exposure t o  Potassium o r  
Vacuum on t h e  Room Tempera tu re  F lexura l  S t r eng th  of 
B e r y l l i a  S e c t i o n e d  from Four-Inch Bore Seal N o .  1. 
Ceramic Body (a) 
Approximately 
0.1-inch square 
s e c t i o n s  c u t  
from 4-inch 
diameter 99.8% 
Be0 bore seal, 
longi tudina l  
d i rec t ior i  
Approximately 
0.1-inch square 
s e c t i o n  c u t  
from 4-inch 
diameter 99.8% 
B e 0  bore seal, 
c i rcumferent ia l  
d i r e c t i o n  
Thermalox 998 
Bery l l i a (b )  
(99.8% Be01 
Lot  EA(^) 
Thermalox 998 
Beryllia(b) 
(99.8% Be01  
L o t  B ( e )  
Room Temperature 
Strengthjc)  
Flexura 
of Unexposed (a) 
Specimens 
bsi) 
- 
24,700 
3,400 
5 
24,800 
2,700 
5 
20,900 
2,160 
5 
21,100 
2,500 
3 
19,820 
1,420 
5 
Room Temperature 
A f t e r  Spec i f ied  
Exposure for 
( p s i )  
F lexura l   S t rength  ( C )  
500 Hours a t  1600’F 
Potassium 
Vapor 
20,100 
2,200 
5 
15,800 
200 
4 
Vacuum 
23,600 
2,900 
5 
- Key: x = arithmetic mean 
s = s tandard  devia t ion  
n = number t e s t e d  
(a) See Appendix B for composition. 
(b)  Modulus-of-rupture bars 0.1 inch  x 0.1  inch x 1 inch. 
(c) A l l  tests made by four  poin t  loading  a t  a l o a d  r a t e  of 
(dl  Specimens  unexposed  but i n  t h e  a s - b r a z e d  c o n d i t i o n ,  a f t e r  
(e) For  comparison. 
0.1 inch per minute. 
brazing with 60Zr-25V-15Cb al loy.  
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through the two-phase exfo l ia ted  reg ion  and 
stopped a t  t h e  edge of the (apparent ly)  duct i le ,  
l ight-colored brazing alloy. 
2)  The ceramic had e x f o l i a t e d  a t  t h e  c o r n e r s  where 
excess brazing alloy had flowed out of the 
jo in t .  The dark  phase  surrounded by t h e  white 
brazing alloy appeared to be a different  shade 
from the base ceramic, but visual examination 
a t  high magnification showed the  same fine porous 
s t ruc tu re  t o  ex i s t  in  both places .  A l s o ,  no 
d i f fe rence  in  shading  was noted visually.  
3 )  The ceramic had reacted with  the  brazing  a l loy 
along t h e  e n t i r e  j o i n t  f a c e  and sma l l  pa r t i c l e s  
of Be0 were suspended in  the  r eac t ion  l aye r .  
4 )  The  Cb-1Zr had  been  taken in to  so lu t ion  by t h e  
braz ing  a l loy  unt i l  the  undis turbed  shee t  w a s  
only 8 t o  1 0  m i l s  i n  thickness a t  t he  in s ide  
edge of t he  ceramic. 
I t  i s  apparent  that  an overbrazed condition existed,  Dut 
desp i t e  t ha t ,  a strong, vacuum-tight joint  was made. The 
above conditions were not noted in smaller brazed s t r u c -  
tures. This  produces some insight  into the problems 
t h a t  w i l l  e x i s t  when larger systems are fabricated.  
The following improvements are indica ted  for  fu ture  
appl icat ion of active metal braz ing  to  la rge  s t ruc tures :  
Careful control should be maintained over 
the amount of braz ing  a l loy  appl ied  in  order  
to prevent "puddling" or other formation of 
excess alloy a t  t he  in s ide  su r face  a f  t he  
back-up ring. This i s  v e r y  d i f f i c u l t  u s i n g  
the  present  powder form of the brazing al loy.  
A method of  control l ing the amount p e r  u n i t  
seal area needs t o  be perfected.  
2) Reduced time and/or   t empera ture   in   the   l iqu id  
condition is required. I n  order tha t  f i nd ings  
obtained from small assemblies can be properly 
ut i l ized,  the brazing cycle  must  be programmed 
t o  resemble tha t  ob ta inable  wi th  la rge  s t ruc tures  
i n  a l a r g e r  vacuum furnace. 
It  is  concluded from work i n  t h i s  t a s k ,  and o the r  work, 
t h a t  t h e  4-inch by 4-inch bore s e a l s  are s u i t a b l e  f o r  
prel iminary tes t ing and that scaling-up t o  l a r g e r  as- 
semblies can be considered. However, it is  c l e a r  t h a t  
the fol lowing l imitat ions exis t :  
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4 )  
D . CONCLUSIONS 
The b r a z i n g  c y c l e  f o r . l a r g e  s t r u c t u r e s  i s  n o t  
y e t  optimum.  The b r a z i n g   a l l o y   a p p e a r s   t o   h a v e  
a wide l a t i t u d e  i n  t i m e - t e m p e r a t u r e  c o n d i t i o n s  
above t h e  m e l t i n g  p o i n t  as f a r  as producing  
s t r o n g ,  v a c u u m - t i g h t  j o i n t s  i s  conce rned ,   bu t  
n o  d a t a  e x i s t  on t h e  p o t a s s i u m  c o m p a t i b i l i t y  
and m e t a l l u r g i c a l  s t a b i l i t y  o f  t h e  s t r u c t u r e s  
o b t a i n e d  u n d e r  t h e  d i f f e r e n t  b r a z i n g  c o n d i t i o n s .  
The form of the a l loy  and  the  me thod  o f  app ly -  
i n g  it is  n o t  y e t  a d e q u a t e  t o  c o n t r o l  t h e  u n i -  
f o r m i t y  of t h e  b r a z e d  j o i n t  t o  t h e  d e s i r e d  l e v e l .  
I t  i s  b e l i e v e d  t h a t  t h e  s u r f a c e  c r a c k i n g  o b s e r v e d  
is r e l a t e d  t o  t h i s  p r o b l e m .  
The inc reas ing  misma tch  be tween  the  the rma l  ex -  
pans ion  o f  metal and ceramic a t  t h e  b r a z i n g  t e m -  
p e r a t u r e  as l a r g e r  assemblies are brazed  is  
e x p e c t e d  t o  m a g n i f y  d i f f i c u l i t e s  t h a t  a p p e a r  
minor on p r e s e n t   s i z e d  assemblies. The effect  
may be t o  g r e a t l y  n a r r o w  t h e  l a t i t u d e  t h a t  t h e  
b r a z i n g   a l l o y  now e x h i b i t s .  To min imize   t he  
s u p p l e m e n t a r y  e f f o r t  n e e d e d  when t h e s e  d i f f i -  
c u l t i e s  arise, it i s  i m p o r t a n t  t o  r e c o g n i z e  
t h a t   i n c r e a s e d   c o n t r o l   o v e r   t h e   m a n u f a c t u r i n g  
p r o c e s s  i s  needed t o  o b t a i n  a meaningfu l  exper i -  
mental  comparison. 
The l a r g e  cer'amics a p p e a r  t o  h a v e  u n e v e n  d e n s i t y  
and t o  h a v e  i n a d e q u a t e  q u a l i t y  c o n t r o l  d u r i n g  
manufacture .   The  surface  porosi ty   and  appear-  
ance,  which gave rise t o  ear l ier  concern ,  may 
b e  f u n c t i o n s  p r i m a r i l y  o f  t h e  s p e c i m e n  s i z e .  
N o  mean ingfu l  non-des t ruc t ive  accep tance  tests 
have been developed. 
High s t r e n g t h ,  vacuum t i g h t  b e r y l l i a - t o - C b - 1 Z r  j o i n t s  
have been made w i t h  t h e  a c t i v e - m e t a l  b r a z i n g  a l l o y  h a v i n g  
a c o m p o s i t i o n   i n   w e i g h t   p e r c e n t   o f  60Zr-25V-lSCb. J o i n t s  
made a t  a b raz ing  t empera tu re  o f  2460O F h a v e  e x h i b i t e d  
an average room t e m p e r a t u r e  f l e x u r a l  s t r e n g t h  o f  2 2 , 0 0 0  
p s i  a n d  h i g h  t a b - p e e l  s t r e n g t h  ( d u c t i l e ,  h i g h - s h e a r  
s t r e n g t h )  . Modulus-of - rupture   assembl ies   in  the as-  
brazed c o n d i t i o n  r e t a i n  t h e i r  s t r e n g t h  t h r o u g h  1600O F. 
Thermalox 998 (99.8% BeO) b o d i e s  f a b r i c a t e d  by i s o s t a t i c  
p r e s s i n g  a n d  s i n t e r i n g ,  a l t h o u g h  s l i g h t l y  m o r e  p o r o u s  
t h a n  d e s i r e d ,  r e t a i n  h i g h - f l e x u r a l  s t r e n g t h  af ter  2000 
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hours   exposure   t o   po ta s s ium  vapor  a t  1600" F. The ceramic 
( a l o n e ,  w i t h o u t  b r a z i n g )  a lso r e t a i n e d  h i g h  f l e x u r a l  
s t r e n g t h  a f t e r  1 5 0 0 - h o u r s  e x p o s u r e  t o  l i t h i u m  a t  1600O F. 
3)  Ceramic bodies which  have  been  subjected t o  t h e   s t a n d a r d  
30 -minu te  "c l ean  f i r e "  a t  2597O F i n  a mix tu re  o f  758N2- 
25$H2 and 1 0  minutes  a t  1832O F i n  vacuum  (<5x10-6 torr) 
show ve ry  low ou tgass ing  rates of  oxygen-conta in ing  gases .  
Ceramics treated i n  t h i s  manner l i m i t  t h e  c o n t a m i n a t i o n  
of a l k a l i - m e t a l - c o o l e d  s p a c e  electric power systems. 
4 )  Ceramic-to-metal  seal  s y s t e m s   f a b r i c a t e d   w i t h  60Zr-25V-15Cb 
b r a z i n g  a l l o y  u t i l i z i n g  T h e r m a l o x  998 ( 9 9 . 8 %   b e r y l l i a )   a n d  
a Cb-1Zr metal member show a d e q u a t e  s t r e n g t h  a f t e r  2000- 
hour  1600O F exposure  t o  p o t a s s i u m  v a p o r ,  b u t  g r e a t e r  
d e t e r i o r a t i o n  i n  s t r e n g t h  a f t e r  e x p o s u r e  t o  l i q u i d  p o t a s -  
sium o r  l i t h i u m .  
5)  A fou r - inch  diameter Thermalox  998 ( 9 9 . 8 %  bery l1 ia ) -Cb-1Zr  
model bore seal b r a z e d  w i t h  t h i s  b r a z i n g  a l l o y  r e m a i n e d  
p o t a s s i u m  l e a k - t i g h t  a f t e r  5000 hour s  a t  1300O F i n  a 
t h e r m a l - u l t r a  h i g h  vacuum chamber. 
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APPENDIXES 
These  appendixes  contain  supplementary  information  in  the 
areas  of  material  procurement,  manufacturing  and  process  procedures, 
and  materials  analyses.  This  information  will  define  only  those 
areas  necessary  for  the  proper  performance  of  each  individual 
material  or  component.  Procurement or purchasing  specifications 
are  used  only  to  establish  product  quality  and  product  reproducibil- 
ity.  The  process  information  documents,  however,  provide  the 
detail  information  necessary for the  fabrication  and  assembly  of 
each  component. 
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SPECIFICATIONS 
I. Procurement  Information 
11. Manufacturing  Procedures 
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I. PROCUREMEET  INFORMATION 
Introduction 
The first  section of this Appendix  contains  procurement 
information  which  defines  the  various  qualities  required n 
raw and  finished  materials. The method of preparation of 
manufacture  is  not  controlled,  but  the  product  must  meet 
specified  requirements to be  acceptable  for  further  process- 
ing or final  use. 
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PROCIJ~MENT  INFOF$ ' IATION  FOR COLUMBITJM - 1 PERCENT  ZIRCONIUM ALLOY 
SCOPE 
1.1 Scope This specification covers Columbium-1  percent Zirconium 
Alloy  in  sheet  form  intended  €or  explosive bonding, high  temper- 
ature  structural  applications  and use in alkali metal  environments. 
2 .  APPLICABLE DOCUMENTS 
2.1 Government Documents None 
2.2 Non-Government  Documents 
ASTM  Designation  E8-57T 
ASTM  Designation  E29-58T 
ASTM  Designation  (Pending) 
ASTM  E112-61 
AMs2242 
AMs2645 
MAB-M6-M 
3 .  REQUIREMENTS 
3 -1 
3 . 2  
3 . 3  
3.4 
Method of Tension Testing of Metallic 
Materia1.s 
Recommended Practices for  Designating 
Significant Places in Specified  Limiting 
Values. 
Methods for Chemi.c!al A n a l y s i s  of 
Reactor  and Commercial Columbium 
Estimating  Average Grain Size of Metals 
Tolerances, Corrosion  and Heat Resistant 
Sheet,  Strip, and Plate 
F'luorescent Penetrant Inspection 
Evaluation Test Methods for  Refractory 
Metal  Sheet  Materials, 
Acknowledqments The vendor  shall  mention  this  document  in  all 
quotations  and all Purchase  Order  acknowledgments. 
Manufacture  Material cr>vered  by  this document shall be made  from 
ingots  which  have  been  at  least  double  vacuum  melted by the  electron 
beam  method.  Breakdown  operations shall be  performed with netal 
working  equipment  normally  found in primary  ferrous  and non- 
ferrous plants, 
Processinq The starting  stock size, processing temperatures, 
reductions, in-process  annealing  cycles  shall  be  selected  by 
the  vendor tc achieve  the grain size range specified in Paragraph 
3 - 6  and  the  mechanical  properties  specified in Paragraph 3 , 7 .  
Condition 
3.4.1 General,, The finished  sheet  shall be supplied in  the 
recrystallized  condition  throughout  the  cross-sectional  area 
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3.4.2 
3.4.3 
to  the  grain  size  range  specified  in  Paragraph 3.6. 
Heat  Treatment:  All  annealing  shall  be  carried out at a 
pressure no greater  than  1 x IOe5 torr.  All  sheet  to be 
annealed  shall be thoroughly  degreased  and  chemically 
cleaned. The  conditions  of  final  annealing  shall  be  reported 
in  the  certificate of compliance. 
All  material  shall be free  of  contamination  or  internal 
oxidation.  After  the  final  heat  treatment  the  material  shall 
be  examined  metallographically  for  evidence of possible 
contamination  caused  by  unsatisfactory heat treating  atmospheres 
or  processing  conditions.  At  the  discretion of the  buyer, 
samples  taken  to  include at least  one  surface  of  the  final 
product,  and not exceeding 0.050 inch  thick  may be chemically 
analyzed  by  the  purchaser  for oxygen,  nitrogen,  hydrogen 
and  carbon.  The  analysis  shall not exceed the limits set 
forth  in  Paragraph 3.5.3. Contamination  above  the  limits  of 
Paragraph 3.5.3 shall  be  cause  for  rejection  of all material 
represented  by  that  sample. 
3.5 Chemical  Composition 
3.5.1 Inqot/Billet  Composition:  The  chemical  composition of 
ingots  and  billets  for  conversion  to  finished  sheet  shall 
conform  to  the  analysis  listed  in  the  following  table. 
TABLE I 
CHEMICAL  COMPOSITION 
COLUMBIUM-1  PERCENT  ZIRCONIUM ALLOY 
Element 
Carbon 
Nitrogen 
Oxygen 
Hydrogen 
Tantalum 
Molybdenum 
Nickel 
Coba 1 t 
Iron 
Z ir con  ium 
Columbium 
Minimum  Content 
0.80 W/O 
Remainder 
Maximum  Content 
100 PPM 
75 PPM 
100 PPM 
10 PPM 
1400 PPM 
1000 PPM 
100 PPM 
50 PPM 
5 0  PPM 
1.20 w/o 
3.5.2 Final  Product  Composition:  The  manufacturers  ingot 
analysis  shall be  considered  the  chemical  analysis  for 
the  sheet  supplied  under  this  document,  except  that  for 
carbon,  oxygen,  nitrogen,  and  hydrogen  content,which 
shall  be  determined  on  the  finished  sheet. 
3.5.3  Check A n a l v s l s :  F i n i s h e d   s h e e t   a n a l y s i s   s h a l l   n o t   e x c e e d  
t h e  f o l l o w i n g  l i m i t s  or v a r i a t i o n s :  
Check Analysis  P e r m i s s i b l e  V a r i a t i o n s  
E lemen t L i m i t s ,  Max, PPM i n  Check Ana lys i s ,  PPM 
Carbon 100 + 5  
Oxygen 100 + 5  
Ni t rogen  75 +10 
Hydrogen 10 + 5  
3.6 G r a i n   S i z e   T h e   g r a i n   s i z e   o f   t h e   f i n a l   p r o d u c t   s h a l l   c o n f o r m  t o  
t h e  f o l l o w i n g  limits: minimum g r a i n  s i z e  o f  ASTM6 w i t h  a n  
a l l o w a b l e  s p r e a d  i n  a n y o n e  i t e m  o f  2 w i t h  90 p e r c e n t  a t  a g r a i n  
s i z e  of 6. 
3 .7  M e c h a n i c a l   P r o p e r t i e s  The f i n a l   p r o d u c t   s h a l l   s a t i s f y   t h e   f o l l o w i n g  
mechan ica l  p rope r ty  r equ i r emen t s :  
3.7.1 
3.7.2 
Room T e m p e r a t u r e   T e n s i l e   P r o p e r t i e s :   R e p r e s e n t a t i v e  
s a m p l e s  o f  t h e  m a t e r i a l  i n  f i n a l  f o r m  s h a l l  meet t h e  
f o l l o w i n g  a t  a t e m p e r a t u r e   o f  65O-85OF. S a m p l e s   s h a l l  
be t a k e n  t r a n s v e r s e  t o  t h e  f i n a l  r o l l i n g  d i r e c t i o n .  
FTU ( k s i )   F T ~ ,  ( 0  - 2 0   p e r c e n t   E l o n g a t i o n   i  2 Inches  
( k s i )   ( P e r c e n t )  Min. 
Min . Max. - Min. Max. 
35 55 20 30 20  
Bend D u c t i l i t y :   R e p r e s e n t a t i v e   s a m p l e s   o f   t h e  materials i n  
f i n a l  f o r m  s h a l l  w i t h s t a n d  t h e  f o l l o w i n g  b e n d  t e s t  a t  room 
t e m p e r a t u r e  w i t h o u t  f a i l u r e  when t e s t e d  a c c o r d i n g  t o  p r o -  
c e d u r e s  d e s c r i b e d  i n  t h e  m o s t  recent r e v i s i o n  o f  t h e  
Materials Advisory  Board  repor t  MAB-176-M, " E v a l u a t i o n  T e s t  
Methods f o r   R e f r a c t o r y   M e t a l   S h e e t  Materials." The  samples 
s h a l l  be s e c t i o n e d  w i t h  t h e  l o n g  a x i s  of the bend specimens 
p e r p e n d i c u l a r  t o  t h e  f i n a l  r o l l i n g  d i r e c t i o n .  
3.7.2.1  Sheet 0.060 i n c h   i n   t h i c k n e s s   a n d   u n d e r   s h a l l  be 
b e n t  o v e r  a 1T r a d i u s  t h r o u g h  105O a t  a ram speed 
o f  1 i n c h  p e r  m i n u t e  a n d  s u b s e q u e n t l y  f l a t t e n e d  
f o r  a t o t a l  b e n d  o f  1 8 0 ° .  
3.8 T o l e r a n c e s  
3.8.1  Sheet 
3 .8 .1 .1   Def in i t ion .  S h e e t  i n c l u d e s  m a t e r i a l  6 inches  wide  
o r  ove r  and  up t o  0 . 1 8 7  i n c h  i n  t h i c k n e s s .  
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IS. I ."_. . . .. ". 
3 .8 .1 .2   D imens ions .   Shee t   d imens ions   ha l l   con fo rm t o  
t h o s e  p r e s e n t e d  i n  T a b l e  11. 
3.8.1.3 F l a t n e s s .   T o t a l   d e v i a t i o n   f r o m   f l a t n e s s  of s h e e t  
a n d  str ip s h a l l  n o t  exceed 6% as d e t e r m i n e d  b y  
t h e  f o r m u l a :  
- x 100 = % F l a t n e s s   D e v i a t i o n  
L 
where: H = maximum d i s t a n c e  from a f l a t  r e f e r e n c e  
s u r f  ace 
and:  L = minimum , d i s t a n c e  from t h i s   p o i n t  t o  
t h e  p o i n t  of c o n t a c t  w i t h  t h e  r e f e r e n c c  
s u r f  ace. 
T h e   a c t u a l   v a l u e s   s h a l l  be r e p o r t e d .   I n   d e t c r m i n -  
i n g  f l a t n e s s ,  t h e  s h e e t  s h a l l  n o t  be s u b j e c t  t o  
e x t e r n a l  p r e s s u r e  a t  a n y  p o i n t  b u t  s h a l l  l i e  
f r e e l y  o n  a f l a t  s u r f a c e  d u r i n g  m e a s u r e m e n t .  
O i l c a n n i n g  w i l l  be r e p o r t e d .  An estimate of t h e  
e x t e n t  (area, h e i g h t ,  e t c . , )  o f   t h e s e  defects 
s h a l l  be made. 
3 .9  Reports T h e   m a n u f a c t u r e r   s h a l l   s u p p l y  a t  least  t h r e e   c o p i e s  of 
a report s h o w i n g  n o n - p r o p r i e t a r y  m a n u f a c t u r i n g  m e t h o d s ,  p r o c e s s i n g  
c o n d i t i o n s ,  a n d  tes t  p r o c e d u r e s  a n d  r e s u l t s  fo r  e a c h  l o t  of 
m a t e r i a l   i n   t h e   s h i p m e n t .   T h e   r e p o r t   s h a l l  also i n c l u d e   t h e  number 
of t h e  s p e c i f i c a t i o n  a n d  t h e  p u r c h a s e  order or c o n t r a c t  n u m b e r .  
TABLE I1 
DIMENSIONAL  TOLERANCES FOR SHEET AND STRTP 
M a t e r i a l  
m e s s ,  I n c h  
W i d t h ,  
I n c h e s  
T h i c k n e s s  
T o l e r a n c e s ,  1.nch 
0 .020-0.939 t o  2 4  - + 0.0030 
Width & L,ength 
T o l e r a n c e s ,   I n c h  
0.010-0.059 + 0.100, -0 
4 . 1  G e n e r a l  .The f i n i s h e d   p r o d u c t   s h a l l  be v i s i b l y  f r e e  from o x i d e  
or scale of any n a t u r e ,   g r e a s e ,  oil, r e s i d u a l   l u b r i c a n t s ,   a n d  
o the r   ex t . r aneous  materials. C r a c k s ,   l a p s ,   s e a m s ,   g o u g e s   a n d  f 111s 
sha l .1  be unac *eptable.  
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4.2 ?~i--?-;:,; L-): and  Inclus1.ons h d j  c a t i o n s  o f  i n t e r l l a l  porosity and 
r lon-metal l ic   incl .usir ,ns  g:,,rs.?at.er t h a n  0.020 i nch  or 3% of t h e  
th i ckness ,   wh icheve r  i s  s r r l a l  l.er, s h a l l  be unaccep tab le .  ‘171ose 
l n d i c a t l o n s  i n  ttle r ange  0 . 0 l O  i n c h  t o  0.020 i n c h  or 2% of the 
th i ckness ,  wh icheve r  is s m a l l e r ,  s h a l l  he a nlinimun o f  0.50 i n c h  
a p a r t ;  t h o s e  i n d i c a t i o n s  less than  0.010 i n c h  s h a l l  be a mlni.nlunl 
cf 0 .12  inch  apa r t .  
4 . 3  S L r f a c e  Rework A l l  s u r f a c e   p o r e s ,   g o u g e s ,   a n d   o t h e r   d e f c c - t s  
deepe r  than  0 -005  inch  or 3% of t h e  t h i c k n e s s ,  w h i c h e v e r  : .; 
s m a l l e r ,   s h a l l  be u n a c c e p t a b l e .   S u r f a c e   i m p e r f e c t i o n s  may bc 
f 31red smooth tc> remove  any  notch  e f fec t  p rovided  d ln lens iona l  
t o l e r a n c e s  a re  s t i l l  main ta ined .  
‘5. 3’.’A,‘_ T Y  ASSURANCE PROVISIONS 
5.1 Tendor R e s p o n s i b i l i t v   T h e   m a n u f a c t u r e r   s h a l l  make a l l  tes ts  a n t i  
l n s p e c t i o n s  o f  t h e  material  c o v e r e d  b y  t h i s  s p e c i f i c a t i o n  
‘ b e f o r e   s h i p m e n t ,   u n l e s s   o t h e r w i s e   s p e c i f i e d .  A l l  t e s t  ancl i n -  
s p e c t i o n  r e s u l t s  s h a l l  be f u r n i s h e d  t o  t h e  p u r c h a s e r .  
5.2 Sample S e l e c t i o n  Care s h a l l  be e x e r c i s e d  t o  i n s u r e   t h a t  t h e  
samples  selected for t e s t i n g  a n d  c h e m i c a l  a n a l y s e s  a re  r e p r e -  
s e n t a t i v e  o f  t h e  material  and  uncontaminated  b y  t h e  s a m p l i n g  
p rocedure .   Samples   fo r   t he   de t e rmina t ion  of mechanica l   p ro-  
p e r t i e s  s h a l l  be s e l e c t e d  so as  t o  consume a minimum amount  of 
material, i .e . ,   specimens may be t aken   t r a .n sve r se  t o  t h e  f i n a l  
w o r k i n g   d i r e c t i o n  from sheet. .  I f  t h e r e  i s  any   ques t ion   aLou t  
the   sampl ing   technique  or t h e  a n a l y s i s ,  t h e  m e t h o d s  f o r  s a m p l i n q  
a n d  a n a l y s i s  s h a l l  be t h o s e  a g r e e d  t o  b y  t h e  b u y e r  a n d  sel ler .  
T h e  l o c a t i o n  o f  t es t  samples s h a l l  be reported i n  t h e  c e r t i f i c a t e  
of compliance.  
5 . 3  Test  Methods 
5.3.1 C h e m i c a l   A n a l y s i s :   C h e n i c a l   a n a l y s e s   s h a l l  be conducted  by 
mutua l ly  acceptable p rocedures ,  such  as  t h e  vacuum  fusiQr1 
methods   for  qases, the   combust ion   method  for   carbon,   and  
the  spec t rochemica l  me thods  for metal l ic  e l emen t s .  
s h a l l  be settled by accepted referee methods,  such 
ASTM “Methods for Chemical Analyses of Reactor and 
Commercial Columbium.” 
5.3.2 T e n s i l e   T e s t :   T h e   t e n s i o n  test  s h a l l  be conducted  
i n  a c c o r d a n c e  w i t h  ASTM D e s i g n a t i o n  E8-57T, “Methods of 
Tens ion   Tes t ing  of Metallic Materials.” Y i e l d  s t r e p q t h  s h a l l  
be d e t e r m i n e d   b y   t h e   o f f s e t  (0.2%) me thod .   The   t ens i l e  
p r o p e r t i e s  s h a l l  be d e t e r m i n e d  u s i n g  a s t r a i n  ra te  of  0.005 
i n c h  p e r  i n c h  p e r  m i n u t e  u p  t o  0 .G% offset, and then  
0.05 i n c h ,  p i u s  or minus 0 .02  i n c h ,  p e r  i n c h  p e r  m i n u t e  t o  
f r a c t u r e .  
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. . ; - 3 . 3  G r a i n   S i z e :   G r a i n   s i z e   d e t e r m i n a t i o n s   s h a l l  be made 
accordirlg t o  hSTM S p e c i f i c a t i o n  E112-61 ,  “Es t ima t ing  the  
Average Grain Size of  Metals.“ 
7J-4 Numbcr of Test Requ i red   Represen ta t ive  t e s t  specimens f r o m  t h e  
f i n i s h e d  : > r o d u c t  r e p r e s e n t i n g  e a c h  i n g o t  a n d  e a c h  l o t  o f  m a t e r i a l  
s h a l l  be t a k e n  t o  determine conformi ty  t o  t h i s  s p e c i f i c a t i o n .  
The minimum frequency of t h e s e  tes ts  s h a l l  be: 
F in ished  Product  Chemis t ry  - o n e  p e r  l o t  p e r  i n g o t  
T e n s i l e  T e s t  - one  pe r  l o t  p e r  i n g o t  
Bend T e s t  - two p e r  l o t  p e r  i n g o t  
G r a i n  S i z e  - t w o  p e r  l o t  p e r  i n g o t  
r -  Retests and Rework 
“..S,l .Surface  Contamination: Any sample or spec imen   exh ib i t i ng  
obvious su r face  con tamina t ion  or imprope r  p repa ra t ion  
w h i c h  d i s q u a l i f i e s  it a s  a t r u l y  r e p r e s e n t a t i v e  s a m p l e  
chall. be r e p l a c e d  w i t h  a new sample. 
5.5.2 Rework: I f   i n s p e c t i o n   a n d  t e s t  r e s u l t s   o f  a l o t  do n o t  
conform t o  t h e  r e q u i r e m e n t s  o f  t h i s  s p e c i f i c a t i o n ,  t h e  l o t  
may be reworked a t  t h e  o p t i o n  of the   manufac tu re r .   The  
l o t  s h a l l  be a c c e p t a b l e  i f  a l l  tes t  r e s u l t s ,  a f t e r  re- 
working,  conform to  t h i s  s p e c i f i c a t i o n .  
5. (i l n s p e c t i o n  
5.6.1  Methods of I n s p e c t i o n  
5.6.1.1  Ultrasonic .  Unless  o t h e r w i s e   a g r e e d  t o  b y  t h e  
p u r c h a s e r  a n d  t h e  v e n d o r ,  t h e  i n g o t  material s h a l l  
be i n s p e c t e d   u l t r a s o n i c a l l y .  The f i n i s h e d   s h e e t  
s h a l l  be t e s t e d  f o r  d e f e c t s  w i t h  a Vidigage and 
t h e  r e s u l t s  reported t o  t h e  p u r c h a s e r .  
5 .6 .1 .2   Penet ran t   Inspec t ion .   The  exterior s u r f a c e   o f  
t h e  p r o d u c t  s h a l l  be p e n e t r a n t  i n s p e c t e d  a n d  f o u n d  
free of f l a w s  as  s p e c i f i e d  i n  Paragraph 4.3 
u s i n g  AMs 2 6 4 5 ,  “ F l u o r e s c e n t  P e n e t r a n t  I n s p e c t i o n , “  
or AMs 2646,  “Cont ras t  Dye P e n e t r a n t  I n s p e c t i o n . ”  
A l l  p a r t s  t h u s  i n s p e c t e d  s h a l l  be marked  wi th  ink  
stamps as described i n  t h e  s p e c i f i c a t i o n :  i m p r e s s i o n  
s tampings or e t c h i n g  s h a l l  be u n a c c e p t a b l e .  
5.6.1.3 Reports. T h e   m a n u f a c t u r e r   s h a l l   s u p p l y  a t  
least  t h r e e  c o p i e s  of a r epor t  showing  inspec t ion  
r e s u l t s  f o r  e a c h  l o t  o f  material i n  t h e  s h i p m e n t .  
The r e p o r t  s h a l l  also i n c l u d e  t h e  number o f  t h e  
s p e c i f i c a t i o n  a n d  t h e  p u r c h a s e  order or c o n t r a c t  
number I 
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5.8 
R e j e c t i o n  Material no t   con fo rming  t o  t h i s  s p e c i f i c a t i o n  or  t o  
a n y  a u t h o r i z e d  m o d i f i c a t i o n  s h a l l  be s u b j e c t  t o  r e j e c t i o n .  
U n l e s s  o t h e r w i s e  s p e c i f i e d ,  rejected material may be r e t u r n e d  to 
the  manufac tu re r  a t  t h e  m a n u f a c t u r e r ' s  expense i f  t h e  p u r c h a s e r  
does n o t  r e c e i v e  o t h e r  i n s t r u c t i o n s  f o r  d i s p o s i t i o n  w i t h i n  t h r e e  
weeks a f t e r  n o t i c e  o f  r e j e c t i o n .  
R e f e r e e  I f  t h e  m a n u f a c t u r e r  a n d  t h e  p u r c h a s e r  d i s a g r e e  a b o u t  
the conformance of t h e  mater ia l  t o  t h e  r e q u i r e m e n t s  o f  
t h i s  s p e c i f i c a t i o n  o r  a n y  s p e c i a l  test s p e c i f i e d  b y  t h e  p u r c h a s c . r ,  
a m u t u a l l y  a c c e p t a b l e  r e f e r e e ' s  t es t  s h a l l  be u s e d  t o  d e t e r m i n e  
.on€ormance .  
1 ) "  - PREPARATION FOR  DELIVERY 
(,.I " I d e n t i f i c a t i o n  Each  bundle,  box or c a r t o n  s h a l l  be l e g i b l y  a n d  
c -nsp icuous ly  marked  o r  t agged  wi th  the  number o f  t h i s  s p e c i f i c a -  
t - o n ,   p u r c h a s e   o r d e r ,  or con t r ac t   number ,   t ype ,   i ngo t   number ,  
1c.t number ,   nominal   s ize . ,   and   the   g ross ,   ne t ,   and  ta re  we igh t s .  
When e a c h  b u n d l e ,  b o x  o r  c a r t o n  c o n s i s t s  of components  from  more 
than  one  ingo t  number o r  l o t  number,   each  component   shal l  be 
i d e n t i f i e d  i n d i v i d u a l l y .  
6 . 2  P a c k i n q   E a c h   i n d i v i d u a l   s h e e t   s h a l l  be wrapped in   heavy   gauge  
po lye thy lene  f i l m  or o t h e r  similar material  and  packed  in  a manner 
a s s u r i n g  s a f e  d e l i v e r y  when p r o p e r l y  t r a n s p o r t e d  b y  any common 
carr ier .  T h e  s u r f a c e s  o f  e a c h  s h e e t  s h a l l  be cove red   w i th  a 
s t r i p p a b l e  a d h e s i v e  b a c k e d  p r o t e c t i v e  f i l m  o r  p a p e r .  
7 ~ DEFINITION 
7.1 
7 . 2  
7 - 3  
- Lot  A l o t  s h a l l   i n c l u d e  a l l  material of t h e  same s i z e ,   s h a p e ,  
c o n d i t i o n  a n d  f i n i s h  f r o m  o n e  h e a t  o f  material and which has  
r e c e i v e d  t h e  same p rocess ing ,  has  been  annea led  ir. t h e  same vacuum 
a n n e a l i n g  c h a r g e  a n d  h a s  b e e n  p r o c e s s e d  s i m u l t a n e o u s l y  i n  all 
o p e r a t i o n s   i n   w h i c h   t e m p e r a t u r e s  may r e a c h  500°F or   above .  When 
p r o c e s s  temperatures and environments  are  c lose ly  con t ro l : . ed  or 
when c l o s e l y  a d j a c e n t  s i z e s  r e c e i v e  similar p r o c e s s i n g ,  lots m a y  
be combined f o r  c h e m i c a l ,  t e n s i l e  a n d  s t r e s s - r u p t u r e  tests only, 
p r o v i d e d  p r i o r  w r i t t e n  a p p r o v a l  h a s  b e e n  o b t a i n e d  f r o m  t h e  
pu rchase r .  
Check Ana lys i s  An a n a l y s i s  may be r e q u e s t e d  b y  t h e  p u r c h a s e r  
o f  t h e  metal a f t e r  it h a s  b e e n  p r o c e s s e d  i n t o  f i n i s h e d  m i l l  forms,  
t o  v e r i f y   t h e   c o m p o s i t i o n   w i t h i n  a h e a t  o r  l o t .  Check a n a l y s i s  
t o l e r a n c e s  d o  n o t  b r o a d e n  t h e  s p e c i f i e d  h e a t  a n a l y s i s  r e q u i r e m e n t s  
b u t  r a t h e r  c o v e r  v a r i a t i o n s  b e t w e e n  l a b o r a t o r i e s  i n  t h e  m e a s u r e -  
ment o f  t h e  c h e m i c a l  c o n t e n t .  
S iqn i f i cance   o f   Numer ica l   L imi t s   Fo r   de t e rmin ing   compl i ance   w i th  
t h e  s p e c i f i e d  limits for r e q u i r e m e n t s  o f  t h e  p r o p e r t i e s  listed 
below,  an observed value or a ca l cu la t ed  va lue  sha .11  be rounded o f f  
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u ~ : n g  the raunding-off  method  in ASTM Designation E29-58T, "Recom- 
minded Pr3ctices  for  Designating  Significant  Places  in  Specified 
Llm i ! .i q g ,  \I&lues ." 
Rounded-Off  Unit for 
!T) 
.- .Lest Observed or Calculated  Va1.u~ 
Chen1-i 22.1 composition  and Nearest  unit  in  the last: riqht.- 
d imenskonal  tolerances hand  place  of  figures of the 
(whc,T expressed  decimally) specified  limit 
Ten-. l le strength Nearest  100  psi 
E i ndnga t  ion Nearest 1% 
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Procurement Information for Bery l l i um Oxide Ceramic Parts 
NOTE : IMPORTANT 
BECAUSE  OF THE POTENTIAL HEALTH HAZARD ASSOCIATED WITH 
BERYLLIUM OXIDE DUSTS AND VAPORS, ALL PARTS  SUPPLIED 
UNDER THIS SPECIFICATION MUST BE ABSOLUTELY  FREE  FROM 
ANY TRACE OF BERYLLIUM OXIDE DUST OR FREE UNBONDED 
PARTICLES. 
1. This  document cove r s   h igh   pu r i ty ,   h igh   dens i ty   be ry l l i um 
o x i d e  p a r t s  for a p p l i c a t i o n  a s  e l e c t r i c a l  i n s u l a t i o n  and 
f o r  c o n t a i n i n g  a l k a l i  m e t a l s  i n  e l e v a t e d  t e m p e r a t u r e  
e l e c t r i c a l  a p p a r a t u s .  
Note: U n l e s s  o t h e r w i s e   s p e c i f i e d ,  the fol lowing  requirements  
a p p l y  t o  a l l  items. 
2 .  N o  change s h a l l  be made i n  the q u a l i t y  of success ive  sh ip -  
ments  of  mater ia l  furnished under  this  document  without  
f i r s t  o b t a i n i n g  t h e  a p p r o v a l  o f  the  purchaser .  
MANUFACTURE 
3 .  The p a r t s  s h a l l  be made accord ing  t o  the  suppl ied drawing 
by the  t echn iques  o f  powder me ta l lu rgy  us ing  the  appropr i a t e  
p r e s s e s  and furnaces .  
COMPOSITION 
4.  The f i n i s h e d  p a r t s  s h a l l  meet the  fol lowing  composi t ion limits 
s p e c i f i e d  on the  drawing  as  fo l lows:  
Composition 
Aluminum 
I ron  
S i l i c o n  
Ca l c  ium 
MgO 
S i  l v e r  
Copper 
Chromium 
Manganese 
Molybd emum 
Sodium 
Nickel 
Zinc 
Boron 
Cadmium 
Cobal t  
Compos it ion  
max - Pota s s ium 10 pprn max. 
max - Li th ium 10  pprn max. 
max. Lead 10 ppm max. 
max. B e 0  99.8 min. 
max. 
max. 
max. 
max . 
max . 
max. 
max. 
max. 
max. 
max. 
max. 
max. 
DENSITY 
5. The p a r t s  s h a l l  h a v e  a u n i f o r m  d e n s i t y  w i t h i n  t h e  1 i m i t - s  
s p e c i f i e d  below. 
CONDITION AND APPEARANCE 
6. A l l  p a r t s  s h a l l  be clean , w h i t e   a n d   f r e e   o f   s u r f a c e   d i s -  
c o l o r a t i o n ,  f i n g e r  p r i n t s  or su r face  con tamina t ion .  
7 .  A l l  p a r t s   s h a l l  be f r e e   o f   c h i p s ,   n i c k s ,   s c r a t c h e s , c r a c k s  
a n d  o t h e r  d e l e t e r i o u s  i m p e r f e c t i o n s  a s  d e t e r m i n e d  b y  v i s u a l  
t e c h n i q u e s  a n d  t h e  t e c h n i q u e s  of d i e  p e n e t r a n t  i n s p e c t i o n .  
8, Each p a r t   s h a l l   c o n f o r m  t o  the   d rawing   supp l i ed   w i th   r ega rd  
t o  d i m e n s i o n s  a n d  s u r f a c e  f i n i s h .  
PROPERTIES AND TESTS 
9. __ A c e r t i f i e d   c h e m i c a l  .I___ a n a l y s i s  of a r ep resen ta t i . ve   s ample  - 
f r o m  e a c h  m a t e r i a l  l o t  a n d  s h i p m e n t s h a l l  be s u p p l i e d .  
10. Dens i ty ,   a s   de t e rmined  by f l u i d  d i s p l a c e m e n t ,  s h a l l  be s u p p l i e d  
on a t  l e a s t  t w o  ( 2 )  r ep resen ta t ive   s amples   f rom  each   geomet r i ca l  
conf igura t ion  f rom each  sh ipment .  
PACKAG I NG 
11. U n l e s s  o t h e r w i s e  s p e c i f i e d ,  t h e  p a r t s  s h a l l  be packaged i n  
c l e a n  p l a s t i c  a i r t i g h t   p a c k a g e s  a n d  pro tec ted   f rom 
contaminat ion  and breakage due t o  hand l ing .  
1 2 .  Each s h i p p i n g  c a r t o n  s h a l l  be marked  wi th  the  name o f  t h e  
manufac tu re r ,  pu rchase  o rde r  number and weight .  
i 
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Procurement  Information for Ceramic B r a z e  Al loy 
11. MANUFACTURING PROCEDURES 
Introduction 
This  section of Appendix  A  contains  processing  specifications 
for brazing  and  cleaning  using  materials  which  have  previously 
met  the  procurement  specification  requirements. 
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MANUFACTURING PROCEDURE FOR CERAMIC-TO-METAL BRAZING 
1. Dye  Check  Procedure 
1. 1 OBJECTWE: 
To aid i n   t h e   i n s p e c t i o n  of incoming   r aw  ce ramics   fo r   ch ips ,   s c ra t ches ,  
p i t s ,  p o c k s ,  c r a c k s ,  p o r o s i t y ,  etc. 
1 . 2  PROCEDURE: 
1 .2 .  1 Dip  in  Rhodamine B so lu t ion  
1. 2. 2 Ho t  t ap  wa te r  r in se  
I .  2.  3 Two methyl   a lcohol   r inses .  
1. 2 .4  Dry and   i n spec t .  
2. Ceramic  Cleaning  Procedure 
2. 1 OBJECTIVE: 
The purpose of th i s   p rocedure  is to  a s s u r e   t h a t   a l l   f o r e i g n  ma t t e r  is r e -  
moved  from  ceramic  r ings  and  cylinders  prior to metal l iz ing or brazing.  
2 . 2  PRECAUTIONS: 
After t h i s  c l ean ing  p rocedure  has  been  s t a r t ed ,  ce ramic  pa r t s  sha l l  no t  
be handled with the bare  hands.  Regular  Wilson Natural  Latex Industr ia l  
g l o v e s   a r e  to b e   u s e d .  Air h o s e s   a r e   n o t  to be   u sed   fo r   d ry ing   ce ramic  
par ts .  Rout ing tags  and other  ident i f icat ion tags  should not  be placed 
where   the   ink ,   dye ,   o r   o ther   subs tances   f rom  them  might   contaminate  
the  ceramic  par t s .  The  prac t ice  of s t a c k i n g  c e r a m i c s  o n e  on the  o the r  
must be   avo ided  as  t h i s   t e n d s  to  ch ip   and   o therwise   damage   them.  
2 . 3  PROCEDURE: 
154 
2 . 3 . 1  
2 . 3 . 2  
2 . 3 . 3  
2 .3 .4  
2 . 3 . 5 
2 . 3 . 6  
2 . 3 . 7  
2 . 3 . 8  
3 .  
3 .  1 
3 . 2  
3 . 2 .  1 
3 . 2 . 2  
3 . 2 . 3  
The   ceramic   par t s   should   be   ro ta ted   o r   ag i ta ted   severa l  times during 
the   per iod  o f  immersion. 
Remove  the   par t s   f rom  the   de te rgent   so lu t ion   and   sc rub   wi th  a nylon 
l~ rush  and  de te rgen t  so lu t ion .  S t ep  3 a p p l i e s  to t h e  l a r g e r  (3-4 inch 
d i ame te r )   s i ze   ce ra in i c   cy l inde r s .  
Rinsc  the  ceramic  par t   thoroughly  in   hot   running  water .  
R i l l s e  the   ceramic  par t   thoroughly  in   running  de- ionized  water .  
Rinsc? t h e  ceramic part in a sha l low  conta iner  of ace tone   by   ro t a t ing  
t h e  par t  on i ts  s ide.  NOTE: Di sca rd  the  ace tone  a f t e r  r i n s ing  each  
ceramic par t  ( large ceramic par ts  only) .  
Rinse in  f r e sh  ace tone  a s  i n  S tep  6. Th i s  ace tone  may  be  used  as t h e  
f i r s t   a c e t o n e  r i n s e  for  the  next  ceramic.  
P l ace  the  ceramic o n  c l e a n  t i s s u e  a n d  a l l o w  to thorouqhly dry. NOTE: 
Lf t hc   pa r t s  d r c  to be  s to red ,   t hey   shou ld  be wrapped in a double  thick-  
n e s s  of t issuc.  Larye cc:rarnic parts should be wrappcd individually.  
- Proccdur;? - _" f g  Ceramic  Metal l iz ing @t-er_npte Method o f  Preparation) 
OBJECTIVE: 
To provide an interfacc layer 311 the ceramic which is more readily wet 
hy the ac t ive  me ta l  111-aze. With some b r a z e  a l l o y s ,  t h e  m e t a l l i z i n g  
improves the s t rength of the  hrazed  jo in t .  
PROC E:DUHE: 
Ma. ;k  t he   c l cancd   ce ramic   a r eas   ad j acen t  to t h e   s u r f a c e  to be   meta l l ized  
with f i v e  m i l  thick molybdenum foil .  
Mount t h e  ceramic  on a tu rn tab le   i n   t he   me ta l l i z ing   appa ra tus ,  as 
shown in Figure I. 
Wrap   suf f ic ien t   f ive  m i l  molybdenum  wire   on  the  tungsten  f i lament  to 
provide a metal l ized  layer   greater   than  one  micron  thick.  
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Bell Ja r  
\ 
Tungsten 
Filament 
Metallizing 
Wire 
Heater Coil 
Radiation 
Shield 
I 
I 
FIGURE 1 Schematic of Ceramic  Metallizing Apparatus 
15 6 
3.2 .4  
3.2.5 
3.2. 6 
4. 
4 . 1  
4.2 
4.2.  1 
4 . 2 . 2  
4.2.3 
4 . 2 . 4  
4 . 2 . 4 . 1  
4 .2 .4 .2  
4.2.5 
E v a c u a t e  t h e  m e t a l l i z i n g  a p p a r a t u s  to less t h a n  5 x 10 t o r r  a n d  f h e n  
h e a t   t h e   c e r a m i c  to a b o v e  932OF. 
Evapora t e   t he   mo lybdenum  on to   t he   ce ramic  as it is r o t a t e d  at six rpm. 
-6 
Bring the a p p a r a t u s  to  r o o m   t e m p e r a t u r e   b e f o r e   o p e n i n g   t h e   c h a m b e r  to 
ambien t  p re s su re .  
-" Procedur,e.  for.the"Appjic_aAion of Active Meta l   Braz ing  Alloy 
OBJECTIVE: 
To i n c r e a s e   u n i f o r m i t y  of b r a z e   j o i n t   t h i c k n e s s .  
PROCEDURE: 
C lean   and /o r   f i r e  all r equ i r ed   pa r t s   by   appropr i a t e   c l ean ing   p rocedure  
a n d   s t o r e   i n   s u i t a b l e   c o n t a i n e r s   t o   m a i n t a i n   c l e a n l i n e s s   u n t i l   u s e .  
U t i l i ze  c l ean  work  a rea  fo r  a s sembly .  For l a r g e  a s s e m b l i e s  w h i c h  r e q u i r e  
o v e r   f i v e   m i n u t e s   t o   p r e p a r e ,  u s e  a l amina r - f low  a s sembly   bench .  
U t i l i z e   c l e a n   a s s e m b l y   t e c h n i q u e s ,   c l e a n   g l o v e s ,   f i n g e r  cots, tools 
a n d  j i g s ,  c l e a n  a n d  d u s t - f r e e  w o r k  s u r f a c e ,  e t c .  
App ly   b raze   a l loy  to jo in t  area by method 4.2.4. 1 or 4.2.4.2 be low.  
Powder form:  Suspend powder  ( 4 50 mesh)  in  Bu ty l  Me thac ry la t e  
l acque r .  
360g Buty l  Methacry la te  (Luci te  #44)  
1500g  Butyl  Alcohol  (C. P. ) 
15OOg Butyl Acetate (C. P. ) 
Apply  evenly to a p p r o p r i a t e   c e r a m i c   s u r f a c e ( s )   w i t h  small s p a t u l a  at 
a p p r o x i m a t e l y  0 . 5 9  p e r  s q u a r e  inch.  
Foi l  form: Cut  foil (no rma l ly0 .002-0 .004  inch  th i ck )  to exact seal 
a r e a  g e o m e t r y ,  o r  as d i c t a t e d  b y  foil t h i c k n e s s  a n d  e x p e r i e n c e .  P l a c e  
i n  seal a rea .  Tack  i n  p l a c e  w i t h  m e t h a c r y l a t e  l a c q u e r ,  if 
n e c e s s a r y .  
A s s e m b l e   c e r a m i c   a n d  metal p a r t s  for b r a z i n g   i n   a p p r o p r i a t e   c l e a n  
braze j i g  and p u t   w e i g h t s  i n  pos i t ion  i f  r e q u i r e d .   ( T h e  f i x -  
t u r e  u s e d  on t h i s  program w e i g h e d  0.25 p o u n d  and the  t u n g s t e n  
w e i g h t s   w e i g h e d   l i 2 3   p o u n d . )  Normally, m o l y b d e n u m  or  t u n g -  
s t e n  w e i g h t s  a r e  t o  be u s e d .  Record t h e  type  and s i z e  of 
w e i g h t s  i n  t h e  Brazing L o g  Book. 
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4.2.6 Place jigs containing unbrazed assemblies in vacuum brazing furnace 
chamber  and  check  part  alignment  and  weight  position  before  closing 
furnace. 
4.2.7 Record alloy composition, f o r m ,  and w e i g h t  of a l l o y  used 
i n  the Brazing Log Book. 
5. Vacuum Brazinq Procedure 
5.1 OBJECTIVE: 
To insure  reproducibility of the  brazing  cycle. 
5 .2  PROCEDURE: * 
5.2. 1 Load the vacuum furnace with the same number and distribution of parts 
and  jigs as was  used  in the original  time-temperature  determination €or 
a specific  alloy. 
5 . 2 . 2  Close the furnace, bell jar, etc. , and slowly raise temperature, 
keeping  pressure  below 5 x torr. 
5.2.3 Fill out Brazing Log Sheet and maintain time, temperature and vacuum 
log. 
5.2.4 Hold the temperature for 10 minutes at 18O0F below brazing temperature 
t o  allow  the  furnace  to  reach  equilibrium at 1 x lo-’ torr. 
5.2.5 Increase the temperature rapidly to the brazing temperature and hold 
for five minutes. Monitor the temperature closely. 
5.2.6 Allow the parts to cool to 4OO0F or less in vacuum, then backfill with 
helium. 
5 . 2 . 7  Allow the parts to cool 15 minutes in helium before opening the fcrnace. 
5. 2.8 Complete Brazing Log information. 
A l l  b r az ing   t empera tu res   mon i to red   u s ing  a P t - P t - 1 O % R h  
thermocouple.  An o p t i c a l   p y r o m e t e r   ( n o t  corrected for 
e m i s s i v i t y )  w a s  u t i l i z e d  t o  v e r i f y  s p e c i m e n  brazing 
t empera tures .  
156 
1. 
2 .  
2 . 1  
3 .  
3 . 1  
3.2 
3.3 
3.4 
3.5 
3.6 
P r o c e d u r e  f o r  C l e a n i n g  Columbium-1% Zirconium Alloy 
Fol low t h e  p r o c e d u r e s  s p e c i f i e d  h e r e i n .  
OBJECTIVE: 
To c l e a n  Columbium-1% Z i r c o n i u m  a l l o y  p r i o r  t o  
t u n g s t e n  i n e r t  g a s  or  e l e c t r o n  beam we ld ing ,  o r  
vacuum f i r i n g  or  b r a z i n g .  
PRECAUTION: The c l e a n i n g   f l u i d  i s  an   ex t r eme ly  
h a z a r d o u s   c l e a n i n g   s o l u t i o n .  U s e  s u i t a b l e   p r e -  
c a u t i o n s .  
PROCEDURE : 
D e g r e a s e  p a r t s ,  r i n s e  a n d  d r y .  
T o t a l l y  immerse p a r t s  i n  100°-125'F s o l u t i o n  o f :  
H y d r o f l o u r i c  a c i d  (48% s o l u t i o n )  20% by volume 
Nitr ic  a c i d  (70% s o l u t i o n )  20% by volume 
Water 60% by volume 
(Immersion t i m e  a s  r e q u i r e d  f o r  d e s i r e d  s t o c k  
removal. ) 
R i n s e  i n  t a p  w a t e r .  
R inse  (30 m i n u t e s )  i n  d e i o n i z e d  w a t e r .  
R i n s e  i n  m e t h y l  a l c o h o l .  
Dry i n  a i r .  
159 
APPENDIX B 
I. 
11. 
111. 
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ALKALI METAL  LOADING  PROCEDURE 
AND  BRAZE-RELATED-MATERIALS  ANALYSES 
Alkali  Metal  Loading  Procedure 
Beryllia  Lot  Analyses 
Columbiwn-l%  Zirconium  Analyses 
Interstitial  Analyses of Active-Metal 
Braze  Alloys 
Analyses of 6O%Zr-25%V-l5%Cb Braze 
Alloy  Lots 
Analysis of Yttria  Fired  Ceramic 
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ALKALI METAL LOADING PROCEDURE 
The welding of  the columbium-1% zirconium capsules  and 
l o a d i n g  of t h e s e  c a p s u l e s  w i t h  t e s t  a s sembl i e s  and  wi th  po ta s -  
s i u m  o r  l i t h i u m  were c a r r i e d  o u t  u n d e r  vacuum i n  a chamber 
w i t h   a p p r o p r i a t e   f i x t u r e s   a n d   a c c e s s o r i e s .   ( S e e   S e c t i o n  1 1 - B . )  
The chamber was a General  Technology Model Mark 5A modif ied 
t o  a c c o m o d a t e  t h e  s p e c i a l  a c c e s s o r i e s  f o r  e l e c t r o n - b e a m  w e l d i n g  
and   a lka l i   me ta l   l oad ing .   The   evacua t ion   sys t em  cons i s t ed   o f  a 
15  cfm  Welsh  forepump, Model No. 1397B; and  1500 l i ter /sec d i f -  
f u s i o n  pump, NRC Model No .  HK6;  w i t h  a Freon  1 2  cooled  chevron  
r i n g  b a f f l e ,  cVC Model NO. BCRUGO. 
The weld ing  equipment  cons is ted  of  a BTI: (Brad Thompson 
I n d u s t r i e s )  6 kW power  supp ly  and  e l ec t ron  beam gun ( B T I  N o .  
786 ) .  T h e  gun  was  mounted on a s u p p o r t  boom ( B T I  No. 215-7) 
p r o v i d i n g  X ,  Y, and Z t r a n s l a t i o n ;  t h e  X motion  being  power 
d r i v e n .  A m o d i f i e d   p o w e r   d r i v e n ,   v a r i a b l e   s p e e d   t u r n - t a b l e  
( B T I  N o .  1 9 2 0 - 1 2 )  and   man ipu la to r s  (MCR No. V 4 - 1 2 0 )  compl'eted 
t h e  m o d i f i e d  h a n d l i n g  a p p a r a t u s .  
The  a l k a l i  m e t a l  l o a d i n g  s e q u e n c e  w a s  a s  f o l l o w s :  
1. 
2. 
3 .  
4. 
5 .  
6 .  
7. 
8. 
Weigh c a p s u l e s  a n d  r e c o r d  f o r  l a t e r  u s e  i n  po tass ium 
f i l l  d e t e r m i n a t i o n .  
Argon flush t h e  m o n i t o r  l i n e  u n t i l  t h e  l e v e l  i s  below 
1 0  ppm. 
Argon f l u s h  through t .he   bubbler   (about  5 bubb les / sec )  
f o r  one  day  be fo re  load ing .  
P u l l  vacuum  on  and a l c o h o l  l e a k  c h e c k  a l l  f i t t i n g s  
i n t o  h o t  t r a p  ( f o r e  vacuum pump o n l y  r e q u i r e d )  . The 
h o t  t r a p  v a l v e  arid a l l - m e t a l  v a l v e  i n t o  e l e c t r o n - b e a m  
welding chamber r ema in  c l o s e d .  
Vacuum is p u l l e d  o n  t h e  e l e c t r o n  beam weld ing  chamber. 
Vacuum m u s t  be b e t t e r  t h a n  6x10-6 t o r r .  
The argon cover  gas  is a d j u s t e d  t o  one bubble/sec.  
( p r i o r  t o  h o t  t r a p p i n g ) .  
Vacuum i s  p u l l e d  on t h e  f i l l  l i n e  ( p r i o r  t o  h o t  t r a p p i n g ) .  
A l k a l i  me ta l  i s  h o t  t r a p p e d  a t  1400OF f o r  24  hours  
( p r i o r  t.o l o a d i n g ) .  
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9 .  
10 . 
11. 
1 2 .  
13. 
1 4 .  
15. 
1 6 .  
1 7 .  
18. 
19 .  
20. 
21. 
22.  
23. 
Chemica l ly   c lean ,  as r e q u i r e d ,  a l l  p a r t s  for t h e  
loading  sequence .  
The  capsu le s ,  test  s a m p l e s ,  l i d s  a n d  a l l  o t h e r  p a r t s  
w h i c h  c o u l d  c o n t a c t  t h e  a l k a l i  metal o r  c a p s u l e  
i n t e r i o r  are f i r e d  to  approximate ly  1300°F i n  a 
vacuum of better than  1x10-5  to r r :  t hen  coo led ,  
b a c k - f i l l e d  w i t h  a hel ium a tmosphere  and  t rans-  
ferred i n t o  t h e  loading chamber  j u s t  p r i o r  t o  t h e  
l o a d i n g  o p e r a t i o n .  
The electron-beam welding chamber i s  f l u s h e d  w i t h  
hel ium.  The  manipulator   f lange i s  opened  and  ad- 
j u s t e d  t o  a hel ium f low of  20 CFH. 
The c h i l l  b l o c k s ,  p o s i t i o n i n g  f i x t u r e s ,  a n d  o t h e r  
a c c e s s o r i e s  i n  t h e  c h a m b e r  are checked  and  pos i t ioned .  
P a r t s  a r e  l o a d e d  i n t o  t h e  e l e c t r o n - b e a m  w e l d i n g  c h a m b e r .  
The electron-beam welding chuck posi t ion i s  checked. 
The fill l i n e  p o s i t i o n i n g  j i g  l o c a t i o n  i s  checked. 
The l o c a t i o n  o f  a l l  l oaded  items are c h e c k e d  t o  assure 
e a s y  m a n i p u l a t o r  r e t r i e v a l .  
The p a r t s  l i s t  is c h e c k e d  b e f o r e  s e a l i n g  u p  e l e c t r o n -  
beam welding chamber. 
The v a l v e  t o  t h e  p o t a s s i u m  f i l l  l i n e  i s  c l o s e d  t h e n  t h e  
r o u g h i n g  v a l v e  i n t o  t h e  d i f f u s i o n  pump i s  opened t o  
rough out chamber.  
When t h e  roughing vacuum is  down t o  < 0 . 1  t o r r ,  t h e  
v a l v e  t o  t h e  fill l i n e  i s  opened a g a i n .  
The c o l d  t r a p  r e f r i g e r a t i o n  u n i t  i s  s t a r t e d .  
A f t e r  5 m i n u t e s  t h e  d i f f u s i o n  pump i s  turned  on .  
S t a r t  c o o l i n g  h o t  t r a p  t o  300°F ( f o r  p o t a s s i u m ) .  
1 6 2  
24.  Wait u n t . i l   t h e   p r e s s u r e   r e a c h e s  Ex10e6 t o r r  (not  Over 
1x10-s t o r r )  be fo re   p roceed ing .  
Note: Up t o  t h i s  p o i n t ,  i f  a t  any t i m e  a problem arises, 
the  sequence  may b e  s t o p p e d  w i t h  l i t t l e  loss  of 
t i m e .  Once t h e   p o t a s s i u m   h a s   b e e n   f o r c e d   i n t o  
t h e  f i l l  l i n e ,  associated clean-up t i m e  makes 
it d e s i r a b l e  t o  c o n t i n u e  t h e  l o a d i n g  t h r o u g h  
complet ion.  
25. Cool a l l  p a r t s  o f  t h e  t r a n s f e r  l i n e  t o  212OF f o r   p o t a s -  
sium (392OF for l i t h i u m ) .  
26 .  Close t h e  all-metal v a l v e  b e t w e e n  t h e  f i l l  l i n e  a n d  
the  rough vacuum l i n e .  
27 .  Close b u b b l e r   v a l v e   o n   h o t   t r a p   c o v e r   g a s   l i n e   a n d  
p r e s s u r i z e  h o t  t r a p  t o  1 0  p s i  w i t h  a r g o n .  
28. Open h o t   t r a p   l i q u i d   m e t a l   v a l v e .  
29.   With  appropriate  waste r e c e i v e r   i n   p l a c e ,   t h e   p o t a s s i u m  
t r a n s f e r  l i n e  i s  f lu shed  wi th  approx ima te ly  2 volumes 
of potass ium (or  l i t h i u m )  by  opening all-metal v a l v e  
in to  e lec t ron-beam weld ing  chamber .  
30.  Carry o u t  a p p r o p r i a t e   l o a d i n g   a n d   w e l d i n g   s e q u e n c e s  
t o  accompl i sh  the  pu rpose  of t h e  s p e c i f i c  l o a d i n g .  
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TABLE B-1. Beryllia Ceramic L o t  Designation and Analysis 
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COLUMBIUM - 1% ZIRCONIUM  ANALYSES 
TABLE B-2. Analysis(a) of Columbium-1%  Zirconium Products User? - 
in V a r i o u s  Applications 
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( a )   A n a l y s i s   o n   i n g o t s   a n d   f i n a l   p r o d u c t - s   s u p p l i e d   b y   t h e   v e n d o r ,  Wah Chang,   Inc.  
( b )   C o n t e n t  shown i n  ppm u n l e s s   s t h e r d i s e   i n d i c a t e d .  
( c )  T h i s  h e a t   i n   t h e  form s f  s h e e t  and p l a t e  was Ilsed i n  t.he f a b r i c a t i o n   o f  t es t  
( d )  Tubincj mede f rom  th in   i nqo t  was used ir. makiny a l k a l i   m n t a l   p u r i t y  test 
( v )  Tubing made from t h i s   i n g o t  was used in   making   spec imen t e s t  c a p s u l a s .  
( f )  Oxygen c o n t e n t  cf sheet i n  the a s - r o l l e d   c o n d i t i o n   w a s  90 ppm; i n  t h e  rolled 
( g )  Not: de te rmined .  
a s semhl i e s   and   capsu le   t ops   and   bo t toms .  
c a p s u l e s .  
a n d  a n n e a l e d  c o n d i t i o n ,  o x y g e n  c o n t e n t  was 7 0  ppm. 
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INTERSTITIAL ANALYSES OF ACTIVE-METAL BRAZE ALLOYS 
M a t e r i a l  Form 
" 
56Zr-28V-16Ti Melted b u t t o n ( c :  
Powder ( C )  
F o i l  ( c )  
GOZr-25V-15Cb Mel ted  But ton  
Powder 
6 5 V -  3 5Cb Melted  But ton 
Powder 
50Ti-30Zr-20V Powder 
Foi  1 
40Zr-30Ti-30V Powder 
Foi 1 
v (dJ 
P o i  1 Z r  ( e )  
F o i l  
Oxygen 
(PPm) - 
250C ( b )  
6 0 0  
180 
2000-4000 
0-  360 
784 
580 
620 
1700 
520 
960 
900 
990 
710 
2600 
( f  1 
1300  
1600 
850 
- ~ -  
( a )  T y p i c a l  a n a l y s e s  s u p p l i e d  by R a t t e l l e  Memorial 
I n s t i t u t e  on  raw mater ia ls  u s e d  i n  p r e p a r a t i o n  
of t h e  l i s t e d  a c t i v e  a l l o y  b raze  m a t e r i a l s  w h i c h  
they  s u p p l i e d  i n  b u t t o n ,  p w d e r  o r  f o i l  f o r m .  
(b) A S  CCO 
( c )  T h e  powder and € o i l  were f r o m  a d i f f e r e n t  nelt 
( ( 1 )  F o i i   s u p p l i e d  by Gat te l le  l i e n o r i a l  I l l S t i t ~ t ~  
( c )  F'oi 1 supt3lied by Wah Chang . 
( f )  P l o t  tletcr-ninecl 
( g )  A I . ]  ; inalyses  e x c e p t   h o s e   m a t e r i a l s  lnarjcetl ( a )  
t han  the b u t t o n .  
were madc h y  !dcst inqhouse R & D C e n t e r .  Oxyqen 
by vacuum fus ion ;   n i t roge r1   by  m o d i f i e d   K j e l d a h l .  
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60Zr -25V-15CL 
L o t  c 
t 
1 
I 
I 
I 
! 
I 
I 
I 
Major C o n s t i t u e n t s  
( w e i q h t  Dc rcen t )  T 
P t r t t o n  I G O  
A- 
1 4 . 8  / 25 
14.9 2 5  
I 
" , -- 
I n t e r s t  i t - i n l s  
I 
I 
0 t 
I I 
N 
-30 
0 
+L50 
+130 
" 
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ANALYSIS OF YTTRIA FIRED CERAMIC 
TABLE B-5. A n a l y s i s  of Y t t r i a  F i r e d  C e r a m i c  
- 
Element 
A1 
Si 
C a  
Cr 
S r  
Ba 
Cd 
B 
A s  
T1 
Si1 
C O  
Be 
Sb 
Hg 
P 
Z r  
Mn 
Pb  
Ge 
Mg 
W 
Ni 
Fe 
Bi 
Mo 
V 
Ti 
Li 
cu 
Na 
Zn 
Ag 
Amount  Detected  (a) 
30 pprn 
40 PPm 
e a c h  < 30 ppm 
Note: (a) Total impuri t ies  es t imated to  be less  than 
200 ppm.  Data  f rom Coors  Porce la in  
Company.  (Spectrographic Analysis) 
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APPENDIX C 
FLEXURAL  STRENGTH OF BERYLLIA CERAMICS 
A d e t a i l e d ,  s t a t i s t i c a l  s t u d y  of t h e  s t r e n g t h  o f  h i g h  
purity b e r y l l i a  as a f u n c t i o n  of t empera tu re  w a s  r e p o r t e d  
ijy B. A. Chandler  and associates i n  t h e  J o u r n a l  of Nuclear  
Materials Vol. 8,  N o .  3 ,  1963. The reader i s  referred t o  
this r e p o r t  f o r  d e t a i l e d  h i g h  t e m p e r a t u r e  s t r e n g t h  p r o p e r -  
t i e s  o f  be ry l l i um ox ide .  
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